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ABSTRACT
This dissertation presents a new approach for developing a biologically inspired
photo-electro-chemo- mechanical

microactuator by

exploiting

the

ion pumping

characteristics of bacteriorhodopsin (bR) proton pumps and the pH sensitivity of smart
hydrogels. The ultimate goal of this project is to prove the viability of integrating bR
monolayer into novel actuation applications using molecular level architectures. To
accomplish this, the bR proton pumps are molecularly labelled, organized, and
directionally immobilized on Au-coated substrate, and then integrated with pH sensitive
hydrogel. When responding to an incident light beams, the internal proton pumping
mechanism is mathematically modeled for quantifying the processing of the photonic
energy into electro-chemical potential. Experimental and theoretical findings indicate that
the photo-electric response of the dry bR is attributed to charge displacement and
recombination; whereas, the response of the aqueous bR measured is a real proton
pumping mechanism. The photo-electric properties, light source conditions all have
influence on the observed photo-electric response characteristics.
The presented technology is proven both experimentally and analytically through
simulation. Experiments are conducted using acrylic acid (AA) monomer linked to 2hydroxyethyl methacrylate (HEMA) monomer and the developed bR monolayer forming
this hybrid microactuator. The light detecting part of the actuator is the bR monolayer. In
this part the incident light beams are processed in the bR proton pumps through their
photo-cycle to transport protons from the cytoplasmic side to the extracellular side of the
bR protein. The bR monolayer is fabricated with molecular level recognition, labelling,
and adsorption leading to a novel architecture able to transport protons through a porous
substrate. Once protons are transported from one side to the other side of the membrane,
the concentration of the hydrogen ions is changed. The change in the hydrogen ions
concentration is expected theoretically and has been proved by monitoring pH changes in
the ionic solution as pH gives direct indication on the hydrogen ions concentratio n. The
change in the pH is exploited by integrating the light detecting part of the actuator to the
pH-sensitive hydrogel which acts as the actuator shell that receives the pH changes and
treat it as an input signal and then process it to undergo in an electric phase transition that
iii

leads to volume transition and associated mechanical work. The generated mechanical
work is exploited in microactuation techniques with interest in microfluidic valves to
control the flow in the microchannels.
Based on the presented work the bR monolayer shows great potential for
becoming a viable biomaterial for use in optical sensing and actuation. Many industrial
and biomedical applications may benefit from the presented advances in generating
higher performance micro-systems.

KEYWORDS:
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INTRODUCTION
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1.1 The Problem
Microactuators are critical components of microelectromechanical systems because they
convert the input signal into mechanical motion needed to perform useful work. These
microactuators or the transducers as they often called are made from functional structures
that can receive and process the input signal and then act with the suitable response. Their
actuation has been considered to be the building block of mechanical work generators
such micro-objects manipulators and flow control valves of microfluidic chips. One of
the important technological challenges is how effectively drive microactuators such as
microfluidic valves. The microfluidic valves are necessary active components of
microfluidic systems that control the micro- fluid supply for the chemical and biochemical
processes that are performed on the microfluidic chips. However their operating
techniques require accessing the system physically to activate these valves such as the
electrical and chemical techniques. In the electrically driven microvalves the electric
leakage is highly expected, whereas triggering the chemically operated microfluidic
valves can only be done by changing the chemical composition of the surrounding fluid.
Electrical based techniques might make an interaction or cross-talk with biochemical
processes on the chip as most of biochemical processes are electrical sensitive processes.
On the other hand the replacement of the working fluid in the chemical way to
activate the microvalves might affect the processes on the microfluidic chip as the
working fluid usually made to assist the chemical and biochemical processes on the
microfluidic chip. These difficulties have limited their practical usage. One of the most
advanced techniques have been considered for activating microfluidic actuators is the use
of light beams as a power provider and control signal carrier. However the reported
technologies on the optically driven microsystems are developed based on the photo-

2
thermal effect. Unfortunately the photothermal effect necessitates keeping the microvalve
in very narrow temperature ranges which is not suitable for many practical applications.
Looking towards the biological systems for inspiration, the optical system of the human
vision for example is based on the photo-electro-chemical interaction between the light
beam and the visual rhodopsin. In this manner it can be considered an optical to electrochemical transducer. Whereas the biological muscles produces mechanical work when
activated with an electro-chemical input. These two inspiring biological concepts
interested the author to bring them together in one complete mechanism that generates
mechanical work when powered with optical signal. This thesis supports the viability of
employing one of the biologically synthesised

visual rhodopsins known by

bacteriorhodopsin protein and artificially fabricated smart material called hydrogel as a
building block of novel optically driven microsystems. This system can work only by
developing an effective technique for building monolayers of the self-assembled
bacteriorhodopsin proton pumps, fabricating a suitable hydrogel and then creating the
overlap working zone that can operate these different constituting components in the
same time with degrading the performance of each other. Only then is it possible to
demonstrate its effectiveness by driving smart hydrogels to control fluid flow on
microfluidic chips as proof of concept.

1.2 Optofluidics
The term “optofluidics” implies to an emergent research field that combines optical and
micofluidic technology to create highly versatile systems (Fainman et al., 2010; Monat et
al., 2007). The advances in the microfluidic technology enable creating changeable and
reconfigurable optically driven systems (Fainman et al., 2010). Microfluidics has
numerous advantages over solid hardware components including smooth interface,
diffusion capability, and good molecular transport characteristics. On the other hand, the
optical signal is characterized with the high sensitivity, can be localized to single-cell for
nanosurgery (Jeffries et al., 2007), can manipulate objects and fluids suspended in fluids,
and moreover it is the fastest known information carrier. Since the appearance of the
optofluidic field in 2003, its promise has been demonstrated by the accomplished
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advances in broad technological challenges. Heng et al. in 2006 generated novel nonexpensive optofluidic microscope, which is able to capture on-chip high resolution
imaging (Heng et al., 2006). The integration of the microfluidics with the optics has also
facilitate the fabrication of reconfigurable three dimensional microlenses (Rosenauer et
al., 2008), and the fabrication of in-situ magnetic microactuators in microfluidic channels
(Chung et al., 2010). Furthermore, the ability of trapping bio- functionalized microobjects has been demonstrated (Domachuk et al., 2007).
The biological organisms undergo in large number of interactions with the
environment throughout their lifecycle. Their high sensitivity allows them to detect and
discriminate between very small changes in their surroundings. The small size and energy
efficiency of the biological materials can make them a promising choice for developing
unique transducers for sensing and actuation. The integration of bio- materials with
microsystems has leaded to significant advances in wide ra nge of challenging
applications such as creating flexible photocells (Wang et al., 2005) and self healing
materials (Ratner 2007). During the biological generation of bio- materials, the natural
evolution optimized their constituting bio- molecules and assembled them in three
dimensional structures, allowing them to process and store large amounts of information
in very small volumes.
One of the most attractive classes of bio- materials for generating more versatile
microsystems is the photosensitive proteins which enable the generation of very fast and
remotely powered and controlled microsystems. The Photosensitive proteins can generate
electrical signal form the incident light beams. This property has motivated intensive
exploration of such biomaterials within the technological community. To date, light is the
fastest and most effective technique of carrying power and information. Over the past
three decades, scientists have closely studied the structures and functions of various
photosensitive proteins to understand the real mechanism of the biological energy
conversion. Among the light activated bio-molecules, bacteriorhodopsin (bR) protein is
the most notable example. It shows light sensitive properties similar to that of rhodopsin,
a protein found in human eyes. Compared to other photosensitive proteins, bR is
characterized with its high thermal and photochemical stability, thereby exhibiting
superior long-term stability and thus making it technologically promising. BR is promptly
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becoming an advanced building block material for fabricating bioelectronic systems, as it
exhibits high applicability potentials in light sensing, artificial vision and parallel
associative memories, and optical actuation.

1.3 Optical Actuation in Microfluidic Systems
Microfluidic systems are integrated technologies used to manipulate very small amounts
of fluid for a variety of medical and industrial applications. The design and fabrication of
complex microfluidic systems requires various building blocks that enable fluid transport,
directional flow, pumping, sample preparation, separation, mixing, detection, and in situ
chemical reaction. One of the greatest design challenges has been controlling the
directional flow of fluid through the constituent microchannels. Flow control is achieved
by microactuating devices, such as valves, that perform mechanical work in response to
an external command or control signal. The device can be separated into two parts: the
actuator shell and the method of actuation. The shell is the basic mechanical structure of
the actuator and, often, contains deformable or moving parts. The main function of any
shell design is to provide a mechanism for the desired actuation method to produce useful
work. The actuation method is the means by which a control signal is converted to a force
that is applied to the actuator shell and generates physical movement. The output of the
overall system is the desired response given as a displacement, force, or pressure value.
An example of a micro-valve is a flexible diaphragm driven by piezoelectric,
electrostatic, electromagnetic, or thermo-pneumatic actuator (Kovacs 1998). These
micro- valves typically offer small displacements, in range of tens of microns. However,
they are large in size, expensive to fabricate, and not easily integrated into existing
microfluidic channels (Liu et al., 2002).
Light powered and driven microactuators offer several interesting design features
and, therefore, are becoming more popular in developing micro-system technology. Alloptical circuits and devices have advantages over conventional electronic components
because they are activated by photons instead of currents and voltages. In many of these
designs the photons provide both the energy into the system and control signal to initiate
the desired response. Furthermore, optical systems are free from current losses, resistive
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heat dissipation, and friction forces that greatly diminish the performance and efficiency
of conventional electronic or electro- mechanical systems. The negative effects of current
leakage and power loss are greatly amplified as design engineers strive for product
miniaturization through the exploitation of nanotechnology.
Hydrogels are composed of hydrophilic or hydrophobic cross- linked polymeric
networks with a fluid filling the interstitial spaces of the network. Due to their
hydrophilic, hydrophobic, and elastic nature these hydrogels are primarily used for drug
delivery systems and biomedical instrumentation. In general, hydrogels represent a
promising class of materials for microfluidic applications that demand low stressing
components and the formation of tight seals that prevent fluid leakage.
Light sensitive hydrogels are often driven by one of three approaches. The first
approach is to exploit molecules that can undergo volume changes when exposed to
specific wavelengths of light. Ishihara et al (Ishihara et al., 1984) investigated the
swelling properties of 2-Hydroxyethyl methacrylate with azobenzene molecules as the
side groups. The azobenzene molecule is a UV sensitive molecule that can make a 180°
rotation around a carbon double bond. The rotation of the azobenzene group around the
carbon double bond induces structural rearrangement. The maximum volume change that
was observed with this structural rearrangement was 14% in 6 hours at 25°C. An
alternative approach exploits light ionized molecules in a neutral hydrogel network. In
this context, Ishikawa and Kitamura (Ishikawa et al., 1994) used polyacrylamide
microgels that have triphenylmethane leuco cyanide as the light ionizable molecule. UV
light ionizes this molecule inducing repulsive forces that drive the hydrogel to swell. It
was reported that the photo-dissociation of this light sensitive chromophore occurs in less
than 60 seconds. The equilibrium time for an 11μm particle is about 1 hour, while for a
180 μm particle it takes more than 55 hours.
Utilizing the swelling and de-swelling properties of temperature responsive
hydrogels is the third approach. These temperature responsive hydrogels are polymer
networks that have N-isopropylacrylamide as the backbone monomer. This monomer has
a transition temperature of around 32°C. Suzuki and Tanaka (Suzuki et al., 1990) utilized
heating power of a light beam raise the temperature of the material. The synthesized
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hydrogel contained N- isopropylacrylamide as the main constitute and trisodium salt of
copper chlorophyllin as a light sensitive chromophore. Discontinuous volume transition
was observed around 31.5°C. The diameter of the sample shrank from abo ut 240μm to
100μm in response to a temperature increase from 25°C to 40°C. Mamada et al (Mamada
et al., 1990) investigated the response of a N-isopropylacrylamide gel with the
photosensitive

molecule

bis(4-(dimethylamino)phenyl)

(4-~inylphenyl)

methylelucocyanide as a side group. Juodkazis et al (Juodkazis et al., 2000) studied the
effect of laser radiation on the temperature responsive hydrogel N-isopropylacrylamide.
The experiments confirmed that radiation forces can alter the phase transition process by
shifting back the volume transition temperature in the range of 10°C. Sershen et al
(Sershen et al., 2005) incorporated optical absorption particles to drive the temperature
responsive hydrogel poly[N-isopropylacrylamide-co-acrylamide]. The optical absorbing
particles that were used are gold-colloid nanocomposites hydrogel that collapse when
illuminated under green light and gold nanoshell hydrogel that collapses in response to
near IR light. Both hydrogel composites have fast responses and can reach final state in
5s when fabricated in micron scale.

1.4 Motivation of the Present Work
Over the last three decades, optical driven systems using biologically synthesised
materials have evolved into very efficient transducers. Biological transducers can be
extremely sensitive; for example, the retina of human eyes can respond to individual
photons (Baylor et al., 1979). These optical transducers can also respond to wide range of
light intensities through the range of the light spectrum. Transmitting signals of the
control information and power signals through bio-processors facilitate the natural and
optimum data compression and processing, and minimizing the external wiring and
hardwares of the electrical, chemical and mechanical systems.
Within the last decade scientists and engineers have strived to create absolute
optically driven transducer for sensing and actuation to benefit from the unique
characteristics of the light radiation. The sequential developments for creating the
optically activated transducers includes the development of the photoelectric devices,
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then hybrid photoelectric using bioelectronics photosensitive proteins and then recently
photomechanical transducers based on the photo-thermal phenomenon. Most of the
reported photo mechanical systems exploited the photo-thermal effect. In essence the
reported photomechanical transducers are activated by the heat associated with the light
illumination where the focus was to generate enough heat from the light radiation to drive
temperature sensitive polymers, or to induce thermal expansions. In micro-scale the most
successfully optical driven transducers are systems that integrated with the temperature
sensitive hydrogels based on the poly(N- isopropylacrylamide) monomers. These
hydrogel actuators exhibited good functionality in microfluidic valves (Sershen et al.,
2005; Richter et al., 2008; Lou et al., 2003).
However, in order to extend the thoughts for designing optically driven micro
transducers without experiencing the photo-thermal effects, the biological organisms
were considered as examples of complete integrated systems. One of the interesting
examples is the conversion of the optical beams received by the eye receptors into
mechanical motion in its muscles. The eye receives the incident light beam by the retinal
rhodopsins. These rhodopsins release protons to make an electrochemical gradient. The
generated electrochemical gradient is considered as the input signal to activate the eye
muscles to make mechanical motions (Forrester et al., 1996; Batterbury et al., 2009
Malmivuo et al., 1995). This photomechanical energy conversion technique is taken in
the present research as an inspiring point for designing true photomechanical system.
Bacteriorhodopsin is currently considered to be the most promising p hotoresponsive biomaterial that can preserve its functionality when integrated with artificial
systems. However, despite all of reported performance when exposed to light beams, this
protein has not been fully understood because most of the reported work focused on the
bulk performance of thousands of not properly oriented and assembled layers. Therefore
it has not been standardized as an “engineering” material. Most of the researchers who
are investigating the theory behind bR functionality are within the fields of biochemistry,
and biophysics, which made their findings, models, and conclusions are not presented in
a way that is easily applicable in engineering systems. The fundamental findings of
researchers from different background are usually expected to have good degree of
similarity. However, their conclusions and analysis are based on their background
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oriented methods, which can lead to contrasting findings. Furthermore in engineering, the
designers study the theory and applicability in artificial systems. The core motivation of
studying the bR protein is to investigate its performance at the monolayer level to
understand the reality of the bR behaviour because it is found in the living bacterial cell
in the form of monolayers. The study of the bR performance at the monolayer level not
only enhances its applicability in engineering practices, but also facilitates fabrication of
the thinnest photosensitive layer in the domain of nanometers.
The constituting a component that processes the received signal from the bR
monolayer in the introduced optically driven microactuator is hydrogel actuating shell,
which converts the electro-chemical signal into mechanical work to be used in microscale
actuation and control. The objective of this part of the research is to develop a suitable
pH gradient hydrogel that can function in a common electrochemical domain with bR
monolayer, so that a directed light source can be used to activate and power the microactuator. This photo-responsive material should not generate a significant temperature
increase that can affect the surrounding fluid. Finally, this micro-actuator should form a
seal that prevents undesirable leakage when blocking a channel and conform to all
possible channel geometries.

1.5 Objectives and Scope of this Work
The core of this thesis is to investigate the electrochemical signal that is produced by the
bR monolayer when exposed to light and applying it to the hydrogel actuation shell of the
sensing and actuation transducer. Many researchers investigated the performance of bR in
artificial environments in the dry and wet forms. However most of conducted work
focused on thick films larger than 20 µm fabricated with non-specific directional
organization methods. The use of nonspecific organizing methods creates bR film
consists of thousands of randomly stacked monolayers. As the bR protein is directional
proton pump, the films of randomly stacked monolayers can never give clear picture of
the bR performances. At this point there are several key questions that arise when
working with this bio- material:
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1. What is the signal pathway of the photoelectric effect in the dry bR monolayer?
2. What is the signal pathway of the photoelectrochemical effect in the wet bR
monolayer?
3. How the generated signal be converted into mechanical work?
4. What are the parameters affect the photosensitive monolayer response?
5. How the photosensitive monolayer response can be optimized?
6. How can the photosensitive monolayer response be exploited in a practical
sensing and actuating application?
Understanding the bR and theory behind the signal conversions when exposing
the bR monolayer to light beams in the dry and wet environments is underlying objective
of this research. By doing so, it provides a means of developing clear understanding to
describe the signal generated by the dry and wet bR monolayer photoreceptor, which in
turn allows standard engineering design and analysis methodologies to be employed. For
engineers and technologists to effectively integrate bR monolayer based photoreceptor
with microfluidic chip, an appropriate theoretical model must be available. Because this
is the first time bR monolayer based photoreceptor is introduced, no readily applicable
model has been described in prior literature and therefore, the development of a
meaningful model is a primary objective of this dissertation.
In order to have clear understanding of the signal conversions processes; one must
understand the proton transport mechanism in the wet bR, and the charge separation
process in the dry bR. A suitable mathematical relationship must be defined between
input light parameters and proton pumping, and concentration evaluation within the ionic
medium. In other words, the proton pumping within single bR molecule must somehow
be interpreted into pH gradients that are observed across the photosensitive monolayer.
Special care is taken in developing mathematical model that relate input light signal to
the final generated pH gradient. The developed model describing the proton pumping
response of bR monolayer, is proven via theoretical simulation and experimental
analysis.
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The fundamental component that affects the generated pH gradient is the bR
photosensitive monolayer. The main key factors that contribute in the final response are
subdivided into fabrication factors and operation parameters. The fabrication method and
its affecting factors to create photosensitive monolayer are studied to produce high
surface coverage, and therefore to be able to generate measurable absolute
electrochemical response without using amplification circuits. On the other hand the
operation parameters such as light beam parameters (intensity, wavelength), area of the
photosensitive surface, volume, and strength of the ionic solution are optimized. The
fabrication process, and the associated factors, and operation parameters are optimized to
create an optofluidic transducer able to convert the incident light into electro-chemical
potentials to be used as an input signal to the hydrogel actuator shell.
The final question is related to the applicability of the generated electrochemical
potentials in sensing and actuation. In the living cell, the generated pH gradients provide
the necessary energy for synthesizing adenosine triphosphate (ATP) from adenosine
diphosphate (ADP) which is required for the bacterial cell activities and cell movements
(Wang et al., 2005; Hampp, 2000; Voet et al., 2006). The fabrication bR photocell in the
form of monolayer based photo-electro-chemical transducer makes it much closer
approximation to a biological system. This molecular architecture makes bR a well-suited
material for light sensing and for actuation of pH sensitive hydrogels. The final
investigation of the created photosensitive nano layer is exploring the limits and
capability of activating microfluidic valves.
Even though building photosensitive system anatomically mimics the biological
systems is beyond the scope of this project. This thesis introduces photo-electro-chemomechanical system that physiologically mimics the rhodopsins based biological systems,
and biological muscle and intended to discuss a large breadth of topics covering the
fabrication and operation of the photosensing photo-actuation based on dried and wet bR
monolayers. Topics of the thesis range from funda mental physics and biochemistry to
engineering design, and applications.
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1.6 Overview of the Thesis
The remainder of this thesis is organized into eight chapters. Chapter 2 provides a
detailed overview of bacteriorhodopsin proton pump. Its structure and photosensitive
characteristics are described in detail, providing deep view on the material’s
characteristics, and behaviours. This background knowledge establishes the foundation
needed for the design and analysis described in subsequent chapters. The property most
relevant to this work is bR’s photoelectric and photo-electrochemical responses, which
are generated by the phototransduction processes.
In order to fabricate bR based photo-responsive transducer, the bR proton pumps
must be directionally organized and irreversibly immobilized onto Au coated substrate.
The methods of organizing and immobilizing bR layers are reviewed in Chapter 3.
However, the biotin labelling method was used to recognize and label the extracellular
side of the bR, and self assembly technique based on biotin-thiols and sterptavidin was
used to allow linking the bR purple membranes directionally to the Au substrate. The
introduced methodology was used for the dried, and the wet bR monolayer. This chapter
also provides details of the fabrication method.
Chapter 4 investigates the photovoltaic characteristics of the molecularly
organized bR based monolayer. The phototransduction process of the dried bR monolayer
is investigated. The photo-cycle of the dried bR is significantly different from wet or
aqueous bR because it is based on charge separation, whereas the wet bR photo-cycle is
based on the transport of protons. The photovoltaic stability, power intensity and
exposure duration are studied. The transient and steady state responses are investigated.
Mechanical deformations of the bR structure are explained based on the photovoltaic
characteristics. Factors that affect the fabrication process and operation performance are
optimized for creating high performance photo-responsive monolayer without using
signal amplification circuits.
Chapter 5 studies the photo-electro-chemical signal transduction of the aqueous
bR (wet bR) monolayer. The aqueous bR monolayer works as proton pumping station
made from arrays of parallel arranged proton pumps. The photo-electro-chemical activity
of the bR monolayer is studied based on the pH changes in the surrounding ionic
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medium. The affect of the input power and the distance between the pumping station and
the measuring point are investigated to make clear understanding of the pH kinetics in the
microchannels. A mathematical model is formulated to describe the phenomenon. This
chapter further validates the proposed theoretical model and provides a basis for
optimizing photodetector performance for a given application.
The fabrication procedures and response characteristics of the pH- gradient
activated hydrogel micro actuator are described in Chapter 6. As proof of applicability,
the chapter describes how the pH-gradient activated hydrogel can be operated in larger
microsystem with very specific electro-chemical environment so that it can be integrated
with the bR based photo-electro-chemical transducer. It was fabricated in a comparable
geometry, and operated in electro-chemical environment similar to the targeted
environment with the based bR photo-electro-chemical transducer. The tests are
performed in Polydimethylsiloxane (PDMS) microfluidic chip because of its optical
properties, so that it can be integrated in the optically driven microfluidic systems. The
swelling response characteristics of the pH-sensitive hydrogel are investigated and the
limitations are discussed.
Design, fabrication and evaluation of hydrogel microactuator activated by the bR
based monolayer are described in Chapter 7. Several optically driven microactuators are
constructed from the temperature sensitive hydrogels and operated by the photo-thermal
effect which limit their usefulness in engineering and biomedical applications. By using
the bR based monolayer, the microactuator can be operated remotely at wide range of
temperatures. The signal transduction process, pathway, and the photo-electro-chemomechanical transformations are investigated. The performance characteristics of the
prototype are analyzed to demonstrate the viab ility of utilizing bR monolayer as an
engineering material for new and innovative sensing and actuating transducer. As proof
of applicability of the developed micro-actuator in microfluidic chips, bR activated
hydrogel micro- valve was integrated with PDMS based microfluidic chip to create the
optically driven microfluidic valve. The microvalve swelling kinetics and characteristics
are investigated. The response characteristics and limitations are discussed.
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Chapter 8 summarizes the contributions of this thesis. It also recognizes the limits
of the project and provides suitable recommendations for the future studies, and
investigations.
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CHAP TER 2
REVIEW OF BACTERIORHODOPSIN
2

WTF
!

2.1 Photosensitive Proteins
A variety of biological and electrochemical processes are powered and controlled with
solar radiation. The light triggered organisms generate photoreceptors that detect and
process light beams into usable form of energy. Among the photosensitive structures,
nourishing chlorophylls and visual rhodopsins are the most know photo triggered
structures. In plants the protein complex chlorophylls which is found in their green leaves
photosynthesizes glucose and starch to be part of their life cycle. On the other hand most
of the mammalians have photosensitive proteins in their eyes known by visual
rhodopsins. The light driven rhodopsins are used for sensing.
Rhodopsins in living biological organisms are functioning in two distinct ways
when exposed to light beams. The bacteriorhodopsin (bR), and halorhodopsin act as
energy converters from the photonic form into electronics phase, whereas rhodopsins
SRI, and SRII are acting as visual phototaxis that regulate the flagellar motors of the cell
in order to control its movements in the medium. The rhodopsins proteins have
responsive molecule known by the retinal that trigger series of electrostatic changes
leading structural conformational changes once exposed to light beams.

Upon

illuminating the retinal of the bR with light beams, a series of photo-electro-chemical and
chromic changes leads to structural and conformational changes occur in the protein. The
generated signal from these changes is utilized in each organism in the way that supports
continuing its life cycle. In the Halobacterium salinarium bacterial cells the rhodopsin
protein convert light beams into pH gradient that provides energy required for the cell
activities. Whereas in the human eye the generated signals from rhodopsin protein are
transformed into nerve impulses to be sent to the brain to contribute in constructing the
surrounding images. Despite the final product of the photosensitive proteins when
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exposed to the photonic energy, basically, they convert the photonic energy into
electrochemical potential used in each particular organism uniquely.
In 1967, purple membrane was discovered as a specialized component of the cell
membrane of the salt- loving organism called Halobacterium salinarium (Henderson and
Unwin, 1975). The purple membranes (PM) are isolated in irregular sheets of 5nm
thickness. Each PM fragment contains 75% bacteriorhodopsin (bR) in trimeric cells and
25% lipids in hexagonal symmetry (Hampp, 2000). Each bacteriorhodopsin (bR)
molecule contains functional molecule called retinal. The retinal purple color dominates
the entire PM. At low oxygen levels, Halobacterium salinarium bacterial cells grow the
purple membrane (PM) sheets that have the capability to convert radiant sun light to
gradient in the concentration of the hydrogen ions across the cell wall which is
interpreted as pH gradients. These pH gradients provide the necessary energy for
synthesizing adenosine triphosphate (ATP) from adenosine diphosphate (ADP) which is
required for the bacterial cell activities (Wang et al., 2005; Hampp, 2000). Biologically,
the ATP is known to be the energy transfer agent that diffuses in the cell to energize its
cellular molecular processes, and cell movements (Voet et al., 2006). Interestingly
enough, the ATP can be considered as the agent that transfers energy currency of life to
the bacterial cell. This photosynthesis in bR is fundamentally different from the
chlorophyll- mediated photosynthesis that is found in plants. In the chlorophyll based
photosynthesis, the energy conversion starts with electron charge separation whereas in
bR the process of conversion of light energy into usable form of energy starts by
pumping hydrogen ions across the membrane to produce an electrochemical potential.
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Figure 2.1 Schematic
diagram of a Halobacterium salinarium cell. A two-dimensional

crystalline purple membrane provides proton transport and membrane-bound ATP
syntheses enable the photosynthesis of ATP from ADP.

2.2 General Structure of Purple Membrane and Bacteriorhodopsin
Bacteriorhodopsin proton pump is the only protein in the purple membranes of
Halobacterium salinarium living cell. Under oxygen limited conditions the cell
membrane grows purple membrane patches in the form of hexagonal two-dimensional
crystalline lattice of bR, Figure 2.2. The bR molecules are arranged in directionally
oriented arrays with lipid filling the inter- molecular spaces forming monolayer-thick PM
patches. The molar ratio of the lipid to the bR molecules is 10:1 (Blaurock and
Stoeckenius, 1971).
The PM patches are characterized their irregular lateral dimensions, where the
average diameter can be up to 5µm, whereas they have uniform thickness of 5nm. The
PM proved high functional and structural stability over several years of light exposure. In
the wet or aqueous medium it keeps its stability at relatively high temperature of 80°C
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and at harsh chemical environments for pH values from 0-12 in the presence of high ionic
strengths up to 3 M NaCl (Hampp, 2000). The PM preserves its photoelectric activity in
dry environment and can keep functioning up to 140 °C (Shen et al., 1993).
Carbo xy Terminus
Retinal
Cytoplasmic Side

Extracellu lar Side

Amino Treminus

Phospholipid Membrane

Figure 2.2 General Structural description of purple membrane patches containing bR. A
bR protein in the membrane. Its carboxy terminus is located inside the cell and the amino
terminus is located outside the cell.

The two dimensional structure of lipid-bR in the PM is the base of the thermal
and chemical stability in the dry and wet environments. Each bR molecule converts the
light radiation into electrochemical energy by pumping protons from the cytoplasmic side
to the extracellular side of the membrane without allowing passive diffusion of protons
back into the cell.
The bR is a retinal protein complex that consists of two main components: a
protein molecule body and the retinal molecule. The retinal is simply known by Vitamin
A aldehyde. The bR structure consists of 248 amino residues in a polypeptide chain
arranged in seven α-helices (Henderson et al., 1990). The α-helices are labelled in the
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literature from A to G, as shown in Figure 2.3. The retinal is linked to ε-amino group of
lysine-216 (K216) of the G helix with covalent bonding via a protonated Schiff base
(Lemke and Oesterhelt, 1981). The seven transmembrane helices contain the retinal
residue, amino-acid residues and water molecules within a structural cavity (Lanyi,
1998). This cavity, which is also known by the proton transport pathway, shields the
chromophoric group of the retinal from the possible external environmental influences.
The Schiff base divides the proton pathway into two channels; traditionally referred to as
the extra cellular and cytoplasmic half-channels. The extracellular part contains several
charged residues; the most notable of them is anionic Asp85. This residue is considered
to be the main component of the counter- ion to the Schiff base and is also the proton
acceptor once the Schiff base deprotonated during the proton pumping process. The
residues Asp212, Arg82, Glu204, and Glu194 have roles in the proton release to the
extracellular side during the pumping process. In contrast, the cytoplasmic part contains
mostly hydrophobic residues except the protonated Asp96 which is considered as the
proton donor to the Schiff base. The proton pumping process is found to be influenced by
many single mutations of these residues. However, the pumping process is completely
abolished only when Lys-216 or Asp85 are replaced.
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Figure 2.3 Detailed structural description of the bR. The seven transmembrane helices are
labelled from A to G. The retinal Schiff-base and the amino acids are most relevant for
proton transport.

2.3 Photoelectrochemical Cycles of Bacteriorhodopsin
The retinal of bacteriorhodopsin proton pump is a natural chromophore that exists only in
one of two configurations: all-trans and 13-cis (Maeda et al., 1977). In the dark, the bR
molecules contain mixture of these two retinal configurations; it is called “dark-adapted”.
Once bR molecules exposed to the light radiation the molecules that are in the 13-cis
configuration ground their state to be at the all-trans retinal configuration. This is
considered as the starting point of the photocycle, which is also known by “light-adapted”
state. Basically the proton pumping process does not occur in the dark-adapted bR. When
the bR molecules receive the activating light beams, the retinal undergo in an
isomerisation process around the C13=C14 double-bond to transform the retinal
configuration from all-trans to 13-cis configuration, as shown in Figure 2.4 (Gai et al.,
1998). The retinal isomerisation is followed by proton transport from the cytoplasmic to
the extracellular side of the membrane, which is interpreted as converting the incident
light energy into chemical energy (Lanyi, 1993). The proton pumping process is
accompanied by a thermal structural relaxing photocycle with several intermediate states.
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Figure 2.4 Photo- isomerization of the bR retinal from (a) all-trans to (b) 13-cis in bR. The
retinal has covalent bond with Lys-216 via a protonated Schiff base. When absorbing a
photon, the retinal isomerizes around the C13=C14 bond. (Based on Gai et al., 1998)

Prior studies have shown that the kinetics of the bR photocycle depend on the
level of humidity in the sample (Váró et al., 1983; Korenstein et al., 1977). The
photocycle and proton transfer kinetics of dried bR film differ from aqueous, or wet, bR
because of dehydration (Korenstein et al., 1977; Cao et al., 1991; Groma et al., 2001;
Wang 2006; Wang et al., 2007). In the bulk aqueous form, Figure 2.5a, the bR molecules
act as a light-driven proton pump.
The absorption of a photon by the bR molecule initiates the isomerization of
retinal from all-trans to 13-cis conformation, followed by proton transport across the cell
membrane. The PM proton transfer starts with the release of a hydrogen ion (H+) during
the L550→M412 transition and ends with an ion uptake during the M412→N560
transition. The light induced intermediate states of the photocycle correspond to
activation, proton dissociation, proton translocation, proton association, and relaxation.
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(a) Multistate intermediates of the aqueous bR photocycle.
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(b) Limited intermediate of the dried bR photocycle.
Figure 2.5. Basic photochemical cycles of bacteriorhodopsin, when exposed to visible
light (h), for both the aqueous (a) and dry forms (b) (Groma et al., 2001). The subscripts
refer to the peak wavelength for the identified intermediate.

When the bR molecules are exposed to light illumination, the y all return to the
ground state B. This step is considered as the start point of the photocycle. The
photocycle consists of photo-driven thermal intermediates with distinct photo-absorption
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maxima. Fundamentally, the photocycle’s intermediates are wavelength driven
transitions, where each intermediate can proceed by thermal relaxation to the next state or
switch back to the ground state B, based on the received photo excitation. All of the
intermediates are before the proton release and after the proton uptake. The transition of
the bR that occur between releasing proton and up-taking another proton is considered as
an irreversible transition, where the nitrogen atom in the Schiff base becomes no more
accessible to the extracellular side of the proton way half-channel, then open the
cytoplasmic side of the half-channel and close the extracellular half. The sequence of the
proton release- uptake is a pH-based process, where at pH  7.0 the proton release
precedes the proton uptake, whereas at pH  7.0 the proton uptake precedes the proton
release (Ludmann et al., 1992).

These simultaneous structural re-arrangements are

considered to be the origin of the vectorial proton transport through the bR protein. In the
wild-type bR proton pump a complete photo-cycle needs approximately 10 ms
(Dancshazy et al., 1986).
However, when the humidity level in the bR film falls below 90%, the later N560
and O640 intermediates are no longer observed and fewer protons are transferred across
the PM (Ganea et al., 1997). As shown in Figure 2.5b, only the K590, L550 and M412
intermediates of the dry bR are involved in the photochemical cycle. The dry bR protein
returns to its ground state (B570) through several paths, each with a different lifetime
(Varo et al., 1991). Furthermore, the only available ions for dry bR film are those
enclosed within the structure of the bR purple membrane proton pumps (retinal ions).
Both aqueous and dry bR purple membranes have the same spectral absorbance,
Figure 2.6, and exhibit a peak photo-excitation response at 568 nm. The optical
absorbance at a given wavelength is related to the ratio of light intensity transmitted
through a sample to the original incident light intensity.
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Figure 2.6 Spectral absorbance of the bR produced at the University of Western Ontario.
Note that visible light ranges from approximately 400nm to 700nm.

2.4 Photoelectric Properties of Bacteriorhodopsin
The photoelectric characteristics and response of bR based systems is the resultant of the
light-bR interaction and its photocycle kinetics. In other words the charge dynamics
within the bR protein can be directly related to the intermediate kinetics of the
photocycle. When bR receives light beams, it starts the charge translocation process, and
the sub sequential structure deformations needed to generate charge gradients (Lanyi,
1993). This charge activity can be detected with monitoring the potential difference. The
existence of such voltage difference and the temporary changes in the polarity and
amplitude can be directly related to the proton transfer across the PMs.
The photoelectric response of bR array can be described as the collective
responses of all bR pumps. However the response of each bR pump includes two
photoelectric components (Hong, 1999). The first component is the proton translocation
across the PM which represent the vectorial proton pumping action from the intracellular
side to the extracellular side in the presence of aqueous medium. The second component
of the photoelectric response is originated from the charge displacement and
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recombination within the bR molecule. This component is essential in the dry bR based
photoelectric films where it is less sensitive to the moisture content. The charge
displacement and recombination does not lead to net voltage difference as it occurs inside
the bR pump channel.
The organized PMs generates electric signal once exposed to light radiation. The
generated light signal contains three major components with different lifetimes. The
fastest component shows its viability within 100 ps in the opposite direction of the proton
pumping pathway. The other two photoelectric components take place in microsecond
and millisecond range and are in the same direction of the proton transport (Liu, 1990).
The internal charge dynamics, proton dynamics, and non-proton ion dynamics may all
contribute in the photoelectric components. Theoretically, the photocycle lifetimes s hould
coincide with the photoelectric components. However, the lifetimes of the PM photocycle
components are not in full agreement with the detected responses (Wang, 2006). This
might occurred due to the use of classical methods to organize and adsorb the PMs on the
electrodes surface. The other possible reason, which is believed to have less contribution
in the photoelectric activities, is the influence of the surrounding conditions such as salt
concentration.
The very fast rise-time (picoseconds range) of the bR photoelectric response is
achievable with using ultra- fast laser pulsing. This rapid response is generated from
expected processes (Birge, 1999). The first possible reason is the instantaneous change in
the electron density associated with electronic excitation in the protonated Schiff-base
polyene during the retinal isomerisation of the retinal in bR. The change in the electron
density is interpreted by moving an electron with 2.49 Å on the polyene chain toward the
nitrogen atom, which leads to making the C14C15H=NH-Lys more negative, Figure 2.7.
The generated electrostatic change between the C14C15H=NH-Lys and the two near
negative Aspartic acid residues supports the photopolymerization around the 13-cis
double bond, and thus starting the earlier photochemical processes. Once bR is
photoexcited the isomerisation process take place within 200 fs. This photochemical
which occurs within 200 fs is the fastest so far known photoreaction. This ultra-fast
response shows promising. This isomerization process occurs within 200 fs following
photoexcitation. To date, this is the fastest known biological photoreaction, and thus
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shows great potential candidate for high-speed photoelectric applications. The second
expected reason is that: the protonated Schiff moves away from the negative counterion
in the stage of forming the K state intermediate. This second process dominates the
photoelectric response. Similar photoelectric responses are found in the visual rhodopsin
of vertebrates which is known by the early receptor potential (ERP).

Figure 2.7 An electrostatic map of the primary photochemical event of bR.

2.5 Applications of Bacteriorhodopsin
The unique characteristics of bR proton pump starting from its thermal and chemical
stabilities,

high

quantum

efficiency,

photochromical,

photoelectrical,

and

photoelectrochemical characteristics, and functional viability when immobilized in
artificial systems, make bR a promising candidate for various applications. Since its
discovery, bR has been used in different devices such as the photochromic, and
photoelectric applications. Recently the interests focus in the development of an
alternative method for organizing bR accurately and permanently, and its impact on the
photoelectric and photoelectrochemical characteristics.
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2.5.1 Photochromic applications
The unique photochromic characteristics of bR have enabled creating all-optical logic
gates, optical memories, parallel associative processors, and holographic interferometry
(Sharmar and Roy, 2004; Renner and Hampp, 1993; Cullin et al., 1995; Birge et al.,
1999). These techniques are based on the photochromic characteristics of bR, where each
bR proton pump individually absorb the incident photons and launch a reversible
photocycle. Bacteriorhodopsin can go in reversible transitions between the photocycle
intermediates by exploiting the photo-responsivity of bR at different wavelengths.
Furthermore bR can be genetically engineered to generate different spectral shifts and
longer lifetimes at certain intermediates for improved photo-responsivity (Bräuchle et al.,
1991). Organizing bR within the photoresponsive film remains at this point a
technological challenge for generating higher performance bR based systems.

2.5.2 Photoelectric applications
The photo-resposivity of bR enabled producing bio-photocells for sensing and imaging
technologies. However, bR proton pumps have to be directionally organized as pumping
sense is a fundamental condition for detectable responses. The photoelectric
characteristics of bR immobilized on conductive substrates have been investigated with
the different substrates. Indium tin oxide (ITO) coated glass and plastics, gold, Platinum
are the most used electronic substrates (Saga et al., 1999). However, for the micro and
nano applications different substrates are proposed as potential candidates for
immobilizing bR such as the gate terminal of a GaAs-based MOSFET and nano-black
lipid membranes (Xu et al., 2004; Horn and Steinem, 2005).
Most of the worldwide reported bR based system focused on generating electric
potential when exposed to light beams with different configurations and applications.
Miyasaka et al. (1992) developed a bR based 8×8 pixel cell of image photodetection.
Haronian and Lewis (1992) studied the methods that can be used without losing the bR
functionality. The researchers deposited a 50 μm × 50 μm pixels array pixels is created
by depositing bR onto a continuous ITO electrode, then ablating both film and substrate
using an argon-fluoride excimer laser. Martin et al. (1997) introduced protein-silicon
hybrid photoreceptor array. The researchers built a high-resolution bR-silicon photocell,
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using the detection grid of a charge injection device (CID) as the substrate for a bRpolymer film. This structure integrates processing ciruit to monitor the bR photoresponse.
Libertino et al., (2003) deposited non-oreinted bR film on Si and SiO 2 substrates.
The bR-based photoelectric and photochromic systems have shown functional
mimic of the biological vision as the bR good degree of functional similarity with the
biological eye rhodopsin. The bR showed inherent of processing simple vision
information. Several research groups focused on two essential functions including
feature extraction and pattern recognition. The function of feature extraction involves
detection and position of spatial and temporary variations in the image intensity which is
very important in the edge enhancement and motion detection applications.

In the

biological vision systems, the basic edge detection systems are formed from the ganglion
cell reception field. This formation is referred to a zero-crossing filter. An artificial
receptive field based on bR photodetector has been developed by Takei et al. (1991) and
Yang et al. (1998). BR is also used in building parallel processing units based on the
neurobiological principles (Haronian and Lewis, 1991). The researchers introduced bR
based rapid reprogrammable neural network architecture with the capability of including
large synapse matrix.
The photoelectric responsivity and characteristics that is shown by bR based
artificial systems

have been exploited in making unique motion detection systems

capable of detect the motion and edge information in real time Miyaska and Koyama
(1993). Moreover, a position-sensitive motion sensor that is able to detect the object’s
motion at certain positions and times based on bR has shown promising performance.
From the pattern and color recognition bR exhibited viable functionality. Min et al.
(2001) constructed bR based sensor at different configurations able to make image
extraction and pattern recognition. On the other hand, colour recognition sensors based
on bR has shown functional responsivity (Frydrych et al. 2000, Choi et al. 2001) when
trained the neural networks for colour space recognition.
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CHAP TER 3
PRODUCTION AND IMMOBILIZATION OF
BACTERIORHODOPSIN

3.1 Introduction
Bacteriorhodopsin (bR) is a biologically produced protein in a living organism called
Halobacterium salinarum (formerly Halobacterium halobium) from the Archaea domain
of life. The Halobacterium salinarum is a unicellular organism that grows and produces
optimally in high salt concentration. This light-sensitive protein which is biologically
formed in the marsh archaebacteria H. salinarum has been extensively studied as an
organic photosensitive material for a variety of engineering applications including
photocells and optical memory (Hampp 2000; Wang et al. 2005). The biological growth
protocols in the laboratory and the molecular level organizing of the bR molecules have
been established and presented in this chapter.

3.2 Production of Bacteriorhodopsin (bR) Protein
Bacteriorhodopsin (bR) is a biologically produced protein in a living organism called
Halobacterium salinarum (formerly Halobacterium halobium) from the Archaea domain
of life. The Halobacterium salinarum is a unicellular organism that grows and produces
optimally in high salt concentration near saturation, warm temperature near 37ºC, and
low oxygen levels. At the point of salt saturation, the oxygen level is approximately five
times lower than in clean water. At this oxygen low level, Halobacterium salinarium cells
grow 5nm thick purple membrane (PM) sheets that have the capability to convert radiant
sun light to instantaneous gradient in the concentration of the hydrogen ions across the
cell wall which is interpreted as pH gradients. These pH gradients provide the necessary
energy for synthesizing adenosine triphosphate (ATP) from adenosine diphosphate
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(ADP) which is required for the living cell activities (Wang et al., 2005; Hampp, 2000).
Biologically, the ATP is known to be the energy transfer mechanism agent that diffuses
in the cell to energize its cellular molecular processes, and cell movements (Voet et al.,
2006). Interestingly enough, the ATP can be considered as the driver mechanism that
transfers energy currency of life to the bacterial cell. This instantaneous process is
repeatable as long as there is a continuous generation of pH gradients across the cell
walls.
Unlike non-automated events, the process of generating pH gradients is
understood to be consists of a fully automated sequence of photo-electro-chemical events
at molecular level that is triggered by photon reception and completed with the pumping
of hydrogen atoms to the extracellular medium. These processes are physically hosted by
the purple membrane (PM) patches. In essence, each PM patch works as a hardware unit
that contains an array of biological nano-processors known by bacteriorhodopsin (bR)
protein which has an approximate volume of 56.7nm3 (Henderson et al., 1990;
Henderson, 2007) and lipid filling to seal the bR intermolecular spaces. Structural
analysis of the PM patches showed that, the bR proteins are arranged in parallel
hexagonal crystalline lattice forming two-dimensional arrays. Each array is molecularly
built by a multiple of the ratio of ten lipid molecules per one bR molecule (Sumper et al.,
1976). This qualitative and quantitative assembly acquired the purple membrane patches
at that low-scale their unique mechanical flexibility and robustness and their chemical
and thermal stability (Wang et al., 2005; Hampp, 2000), Figure 3.1.
In nature these planar purple membrane patches which might cover up to 80% of
the bacterial cell, utilize a broad range of wavelengths contained within the visible band
of solar radiation to provide energy to the living bacterial cells.
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Light beam

H+

Hydrogen ion pumping by
bR in Purp le memb rane

ATP synthesis

H+
Figure 3.1. Illustration drawing of the bacteriorhodopsin in its biological Halobacterium
salinarium cell. (This is similar to Figure 2.1)

3.2.1 Materials for fermentaion of Halobacterium salinarum growth media
The Halobacterium salinarum wild type (WT) strain was a generous gift from Dr. Robert
Birge (Department of Chemistry, University of Connecticut, Storrs, Connecticut, USA).
Uracil (item number U1128) provided by Sigma-Aldrich; Peptone Bacteriological (item
number LP0037) provided by Oxoid Ltd; Tryptone (Stoke number Fulka T7293)
provided by Sigma-Aldrich; Sodium chloride NaCl (Item number S640) provided by
Fisher Scientific, MgSO4 (anhydrous) (Item number M63) provided by Fisher Scientific,
KCl (Stoke number 7447-40-7) provided by Fisher Scientific, tri-Sodium citrate·2H2O
(Stoke number 0754-12) provided by Mallinckrodt, 5N NaOH (item number SS254)
provided by Fisher Scientific; yeast extract; Agar (Stoke number A360) provided by
Fisher Scientific; DNase (Deoxyribonuclease, 541 units/mg (item number AMPD1 –
Amplification grade) provided by Sigma-Aldrich; Percoll (item number 17-0891-01)
provided by Amersham Bioscience. Dylasis tubes of 20µm wall thickness, flat width
25m, and volume of 1.98 ml (item number 21-152-18) provided by Fisher Scientific.
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3.2.2 Fermentaion and growth media
The Halobacterium salinarum wild type (WT) have been grown in four phases with
specific medium suitable for the growth process for each phase. The mediums used are:
media salts, culture media, and rich media. Table 3.1 shows the standard composition for
the scales used in this research work. The medias can be scaled up or down with the same
ratios.
Table 3.1 Materials and media used to grow Halobacterium salinarum cells.
Media name
Media Salts (MS) (10.0 L)

Composition


2.5 kg NaCl, 97.7 g MgSO 4 (anhydrous), 30 g
tri-Sodium citrate·2H2 O, 20 g KCl, 10L of
MilliQ water.

Culture Media (CM) (1.0 L)



1.0 L media salts, 3 g yeast extract, 5 g
tryptone.



pH adjusted to 7.2 using 5N NaOH.



Autoclave for 30 min.



1.0 L media salts, 10 g peptone



pH adjusted to 7.2 using 5N NaOH



Autoclave for 30 min.

Uracil stock solution



0.5 m uracil added to 200 mL de- ionized water

Basal salt (BS)



Rich media without peptone

Culture Media Plates (1.25 L)



1L Culture Media, 18.8 g Agar, 250ml ddH2 O

Should be done each two to



pH set to 7.2 using 5N NaOH

three months to transfer the



Autoclave

cell line so that keep it life for



Dry plates 12-17 hrs at 37 ºC before using



Store at 4 ºC

Rich media (RM)

longer
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Phase I (one colony in 5mL): one pick of the Halobacterium salinarum colony cells
picked using toothpick and placed in 5 mL of culture media in a test tube. 100 µL of 2.5
mg/mL uracil stock solution is immediately added. The mixture is exposed to continuous
white light illumination and the temperature is adjusted to 39 ºC for 7 days. The swirly
and cloudy appearance can be noticed in 4 days when the growth is going well.
Phase II (100 mL fermentation): 1 mL of phase I cells added to 100 mL of rich media. 2
mL of 2.5 mg/mL uracil stock solution is immediately added. The mixture is exposed to
continuous white light illumination and the temperature is adjusted to 39 ºC. This phase is
conducted in 1.0 L bioreactor with stirring speed of 50 rpm for 7 days.
1 L Bioreactor

Figure 3.2

Water bath at 39ºC

Light Source

Photograph of the 1.0 L fermentation process of the Halobacterium

salinarium cells.
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Phase III (1.0 L fermentation): 1.0 L of phase I cells added to 9.0 L of rich media. 200
mL of 2.5 mg/mL uracil stock solution is immediately added. The mixture is exposed to
continuous white light illumination and the temperature is adjusted to 39 ºC. This phase
is conducted in 1.0 L bioreactor with stirring speed of 50 rpm for 7-10 days, Figure 3.2.
Phase IV (10.0 L fermentation): 10.0 L of phase I cells added to 900 mL of rich media.
18 mL of 2.5 mg/mL uracil stock solution is immediately added. The mixture is exposed
to continuous white light illumination and the temperature is adjusted to 39ºC. This phase
is conducted in 10 L bioreactor with stirring speed of 50 rpm for 7-10 days, Figure 3.3.
Light Source

10 L Bioreactor

Figure 3.3 Photograph of the 10.0 L fermentation process of the Halobacterium
salinarium cells.
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3.2.3 Extraction and purification of bacteriorhodopsin (bR)
The produced Halobacterium salinarum cells were harvested using 1.0 L centrifuge tube
volume at 5000 rpm for 30 minutes cycles at 4ºC. The collected cells from the harvesting
process were re-sespended in 300 mL of basal salt solution. The suspension was treated
by adding 5 µL of DNase. The DNase reduces the viscosity of the lysate which reduces
the possible deterioration of DNA by hydrolysis. Then, the resulted suspension was
stirred on stirring plate with magenetic bar for 3 to 4 hours at room temperature.
The resultant solution was transferred into dialysis tube with minimum air bubles,
and then immediately well sealed using the tube clips. The sealed tubing was placed in
flask containing 0.1 M NaCl solution for 15 hours at 4ºC. The flask was completely
covered with aluminum foil to prevent the light-cells interaction. The difference in the
salt concentration from 4M to 0.1M generates osmotic pressure difference between the
intra-cellular and the extracellular sides of the H. S. cell walls. This amount of osmotic
pressure was found to be enough to break the cell walls without damaging the
bacteriorhodopsin (bR) proton pumps. Once the microorganism was lysate the purple
colour can be noticed clearly.
The resulted lysate was centrifuged at 50,000g (22,000 rpm Sorval centrifuge
with rotor T-1270) for 30 minutes at 4 ºC. The supernatant was discarded while the
sediment was re-suspended in 300 mL of 0.1M NaCl. The re-suspension process was
carefully performed by scrubbing the bottom of the centrifuge tubes gently and mixed
using a vortexer. The suspension was centrifuged another time at the same conditions and
then suspended in 0.1M NaCl. The resulted sediment was suspended in de- ionized water.
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Purple

membrane

band

Figure 3.4 Photograph of the density gradient formed the purple membrane band.

The final suspension was centrifuged and suspended in 25% percoll solution and
then centrifuged for 2 hours at 50,000 g (22,000 rpm Bekman) and 4 ºC. The percoll is
linear gradient self- forming when centrifuged at greater than 10,000 g. The purple band
was extracted and then suspended in 25% percoll for one more time to get ride of the cell
wall fragments and the unwanted molecules when centrifuged for 2 hours at 4ºC, Figure
3.4. The purple band was suspended in de-ionized water, and then centrifuged at 50,000 g
(22,000 rpm Sorval centrifuge with rotor T-1270) for 30 minutes at 4ºC. The last step of
centrifuging and re-suspending in the de- ionized water was repeated number of times
until the solution conductivity was around 10µS /cm, which means clean protein
suspension. Once it is purified, the optical response of the bR suspension was tested in
the spectrophotometer µQuant from BIO-TEK Instruments, Figure 3.5. The optical
density peaks shows a ratio of 1.8422:1. This ratio indicates that the used bR suspension
is within the acceptable range of purification. Oesterhelt and Stoeckenius considered the
bR suspension of peaks ratio 2:1 is acceptable, so that, the used bR suspension is within
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the acceptable range. In general, it is recommended to have the bR purified within the
peaks ratio that ranges (2.5-1.5):1.0. Low purification leads to the genrtaion of weak light
to electrochemical energy conversion, and over-purification (peaks ration less than
1.5:1.0 may lead to degrading bR electrochemical properties.
2
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Figure 3.5 Spectral optical density of the bR produced at the University of Western
Ontario. Note that visible light ranges from approximately 400nm to 700nm.

3.3 Review of Immobilization Methods
Incorporating bacteriorhodopsin (bR) biomaterials into practical devices is a critical
technological challenge because bR is a directionally functioning proton pump.
Whenever there is non-even directional organization, signal cross-talk occurs and signal
deterioration is expected. On the other hand thickness of the photo-sensitive layer plays
significant role in determining the final dimensions and performance of the photoresponsive devices. The capability of achieving ultra-thin photo-responsive layer enables
fabricating ultra-thin photo-responsive devices.
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Several methods are commonly in use to adsorb bR on electrodes; these methods
include

these include Langmuir-Blodgett deposition (LB), electrostatic layer-by- layer

adsorption (LBL), Electrophoretic sedimentation (EPS), antibody- mediated monolayer
based on the self assembly method and immobilization within polymer gels. All of these
methods have shown measurable signals. However the successful detection of the
photoelectric performance is in-part attributed to the functioning capability no matter the
position of bR molecule is and the stable crystalline structure. Among these methods
EPS, LB, and LBL are considered to be the most common methods in fabricating
photoelectric and photochromic devices as they showed measurable signal. These
techniques are briefly described in the following subsections.

3.3.1 Electric field sedimentation (EFS) technique
The Electric Field Sedimentation utilizes the difference in negative charge density
between the opposite sides of the PM to generate a dipole moment that is specifically
directed from the cytoplasmic side to the extracellular side. This method is used with dry
films and gel capsulated bR (Dér et al., 1985), Figure 3.6. However, this method of film
fabrication is problematic because both sides of the protein are negatively charged with
only a small measurable difference (-1.8 charge/bR: -2.5 charge/bR at pH 6.6 (He et al.,
1999) making it nearly impossible to properly specify orientation of the PM patches.
Consequently, the EFS immobilization technique attracts both sides of the PM patches
with no specificity regarding whether it is on the cytoplasmic or extracellular side.

Conductive coating

PM Patches

Substrates

Figure 3.6 Fabrication of oriented bR films by the EPS technique. PM patches transport
onto the anode due to its more negatively charged cytoplasmic side.

38
Further, the thin dry films fabricated using the EFS technique are often
characterized by a surface roughness of approximately 200nm (Xu et al., 2003), and a
film thicknesses between 10-150µm (Wang et al., 2005; Xu et al., 2003; Zhang et al.,
2003). The relatively thick film indicates that thousands bR layers are stacked together
on the cathode surface. The reported large surface roughness suggests that not all PM in
the final layer of the film will make direct contact with the opposite electrode during
operation and, thereby, the signal will be weaker than expected.

3.3.2 Langmuir-Blodgett deposition (LB) technique
The LB method is a common technique used to produce ordered thin films of biomolecules that have amphiphilic characteristics (Pepe and Nicolini, 1996). In this
technique, the amphiphilic molecules are spread across the aqueous surface in a trough,
and then pushed by a dynamic barrier and transferred onto a solid substrate by a
horizontal or vertical dipping, Figure 3.7. The repeatable use of this method can produce
multi- layered films. Naturally when PMs are spared on the aqueous surface their
cytoplasmic side orient towards the water and the extracellular side towards the air,
because the cytoplasmic side of the PMs is more hydrophilic than the extracellular side.
There are attempts to improve this method by using different enhancing ways such as the
use of antigen/antibody molecular interactions (Koychi et al., 1994), and applying
electric field which help in enhancing the film orientation. Even though the LB method
can be used in producing very thin film, its PMs are subject to denature in most of the
organic solvents.

Although thinner bR films can be fabricated using the LB technique,

published studies (He et al., 1999; Yamaguchi et al., 1993) have shown that the PM
patches that comprise the thin film exhibit random directional orientation.
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Deposited Thin Film

Push

Floating

PM Layer

Substrates
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Cytoplasmic
Side
Organic Solvent

Figure 3.7 Preparation of a bR film by the LB technique. The cytoplasmic side of PM is
more hydrophilic (facing into the water) than the extracellular side (facing the air).

3.3.3 Electrostatic layer-by-layer adsorption (LBL) technique
The electrostatic layer-by-layer technique is a reliable method for assembling oppositely
charged layers on substrates. This technique fundamentally depends on the strong
electrostatic interactions between oppositely charged polyelectrolytes (He et al., 1998).
The purple membrane is characterized with its asymmetrically charged surfaces, which
makes it good candidate for LBL built architectures. One of the electrolytic materials that
made with the PM a reliable bi- layers is poly(diallyldimethylammonium chloride)
(PDAC). Figure 3.8 provides schematic description of the LBL architecture based on the
interaction between the PDAC/PM. At pH values greater than 5, the PM exhibits more
negative charge density on the cytoplasmic side than the extracellular side. This
difference in the charge density between both sides of the PM is taken as the reference
line for building the LBL based PM multi- layred architectures. Even though, this
technique is used with several biomolecules and polymers, it is not considered as a
reliable method with PM because it depends on the difference in the charge density
between both sides of the PM. The difference in the charge density between both sides of
the membrane is small enough to do not the PM directionality.
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PM

PDA C

PM

PDA C

Figure 3.8 Schematic drawing of multiple PDAC/PM layers as fabricated by the LBL
technique (He et al., 1998).

3.3.4 Self-assembly of PMs using biotin labelling
To properly exploit the material in an engineered system, it is necessary, therefore, to
control how the bR proton pumps are adsorbed onto the substrate. Orientation specificity
can be achieved by using either the antigen–antibody immobilization method (Koyama et
al., 1994), the genetically engineered bR protein (Schranz et al., 2007), or the biotin
labelling technique (Henderson et al., 1978; Chen et al., 2003; Ren et al., 2006).
Although the antigen– antibody technique produces satisfactory orientation of the bR, the
process is very lengthy because it is necessary to synthesize antigens, monoclonal
antibodies, and bi-antibodies. On the other hand, using genetically modified bR protein
might not be very convenient to designers without knowing the detailed characteristics of
the generated product. Producing the genetically engineered PMs also necessitates
genetic modifications to the protein in order for the PM to be connected to the gold
substrate via thiols. In contrast, the biotinylation technique introduced in this paper uses
only one reactive residue that is located at the extracellular side of bR, and it can be
accessed at a specific pH, making biotin labelling a highly repeatable and reproducible
process at the molecular level.
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The biotin labelling and streptavidin recognition technique employs selective
molecular labelling, recognition, and adsorption to enable the self-assembly of proteins
and other biological material at very specific sites on the sensing surface. This highly
selective immobilization technique has been used to build a variety of integrated
biosensors for detecting E. coli bacteria (Gau et al., 2001), and bacteriophages (Gervais
et al., 2007), as well as to develop molecular switches (Stayton et al., 1999). The selforganized and self-assembled bR monolayer created using the bio tin labelling and
streptavidin recognition technique is schematically shown in Figure 3.9.

Figure 3.9 Illustration of the self-organized and self-assembled photoelectric dry layer on
Au substrate.

The fabrication of this thin photoelectric layer requires molecular recognition of
the extracellular side of the bR proton pumps using biotin (Henderson et al., 1978) and
then building a self-assembled thiol monolayer on the gold substrate. The spontaneous
adsorption of the labelled bR proteins on the thiol monolayer is achieved by a
streptavidin molecular recognition and binding technique.
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3.4

Fabrication of Self-Assembled bR Monolayer

The fabrication processes of self- Assembled bR proton pumps monolayer involves using
with addition of the purified bR Purple membranes Biotin-XX, SSE (was acquired from
Invitrogen, www.invitrogen.com), biotinylated and hydroxyl-terminated thiols (were
purchased form nanoScience Instruments, www.nanoscience.com). Streptavidin (was
obtained

from Sigma-Aldrich), 5×5×0.1mm Anodic Aluminum oxide ceramic

membranes (were provided by Synkera Technologies, Inc., http://www.synkera.com ).
The fabrication process can be divided to three major steps: biotin labelling of
bacteriorhodopsin, substrate preparation and activation, and adsorption of the ordered bR
monolayer. These fabrication steps are provided in details in the following subsections.

3.4.1 Biotin labelling of bacteriorhodopsin
Biotin labelling of the bR PMs is simply recognizing the extracellular side and making a
permanent bond between Lysine-129 and Biotin- XX. The Biotin-XX is often called
biotin ester. The biotin labelling and bonding procedure used in this research was based
on the method described by Henderson (Henderson and Stubb, 1978; Chen et al., 2003)
and involves adding 100l of 20mg/ml biotin ester in dimethyl formamide to 2ml of
1.9mg/ml PMs suspended in 0.1M sodium bicarbonate at pH 8.5. An orbit shaker was
used to mix the solution for 2 hours at 20ºC. The mixture was then centrifuged and resuspended in 0.1M sodium bicarbonate at pH 8.5. This step was repeated three times and
then left for approximately 12 hours to remove weakly coupled biotin to the hydroxyl
groups of the PMs. The resultant biotin-protein suspension was then dialyzed against two
changes of phosphate buffer saline (PBS) at pH 7.4. Once completed, the biotinylated bR
proteins were suspended in PBS at a pH of 7.4 for the final assembly.

3.4.2 Substrate preparation and activation
Gold (Au) surfaces are characterized with their high affinity for thiol adsorption thereby
enabling permanent bonds to be formed between the HS terminal of the thiols and the Au
surface. The 0.231cm2 substrate was first covered with 3nm adhesive titanium layer and
then coated with a 75nm Au layer. The surface scan of the bare gold substrate, Figure
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3.10, using an atomic force microscope (AFM) showed a relatively smooth profile with
an average surface roughness of 0.672nm and a maximum peak to valley deviation of less
than 5nm.

Figure 3.10 AFM analysis of the bare gold coated substrate.

The Au coated substrate was then incubated in 4.5x10-4 M mixture of biotin
terminated thiol and the hydroxyl terminated thiol dissolved in ethanol for 4 days at room
temperature. The mass ratio between the biotin-thiol, and hydroxyl-thiol was 1:4. The
final step involved washing the prepared substrate with ethanol, milliQ water, and
phosphate buffer saline (PBS) at pH 7.4.

3.4.3 Adsorption of the ordered bR monolayer
The thiol-coated substrate was incubated in 1ml of 0.25mg/ml streptavidin in PBS at pH
7.4 for 30 minutes at room temperature. The surface was then washed thoroughly wit h
PBS at pH 7.4. Finally the streptavidin covered substrate was incubated in the
biotinylated bR for 60 minutes at room temperature. The basic structure of the bR-biotin-
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streptavidin-biotin-thiol- Au after the labelled immobilization process is illustrated in
Figure 3.11.

Biotinylated bR in PMs

Streptavidin

Mixed thio ls

Au coated substrate

Figure 3.11 The simplified structure of the self-assembled bR-biotin-streptavidin-biotinthiol-Au film.

3.5 Concluding Remarks
The bacteriorhodopsin proton pumps are produced in the laboratory by reducing the
oxygen level in the growth media and providing continuous supply of the light beam. The
Halobacterium salinarum cells compensate the shortage in the oxygen levels by creating
natural proton pumps in the cell walls. These proton pumps generate pH gradients for
providing the necessary energy for synthesizing adenosine triphosphate (ATP) from
adenosine diphosphate (ADP) which is required for the bacterial cell activities. Upon
reaching the cells maturity, walls of the Halobacterium salinarum cells are broken and
bR proton pumps are selectively extracted and purified.
The fabrication of molecularly organized bR monolayer based on the molecular
recognition and self-assembly impacts the system performance as it mimics the ideal bR
organization in cell walls of the Halobacterium salinarum living organism. In this
structure the extracellular side of the PM would face one direction. Several methods for
organizing bR have been discussed in this chapter, including EFS, LB, LBL, and selfassembled bR monolayer. The use of self-assembly way in organizing the bR can
generate a height degree of organizing without losing the photo-activity. The bR
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monolayer produced by using biotin labelling to permanently label the extracellular side
of bR and assembling in it on bio- functionalized Au-substrate using streptavidin protein
enables the formation of consistent and vectorially oriented bR monolayer. The selfassembled bR monolayer is used for fabricating the dry bR based photoelectric chip and
the photoelectrochemical chip.

!
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CHAP TER 4
PHOTOELECTRIC CHARACTERISTICS OF A SELFASSEMBLED BR MONOLAYER

4.1

Introduction

The photoelectric films are the first step towards the absolute optically driven hydrogels
as they convert solar radiation or the photon energy inherent in a focused light beam into
electric form of the energy. The sole component of the created film is the light activated
organic material harvested from the Halobacterium salinarium microorganism called
bacteriorhodopsin (bR) proton pump in purple membranes, Figure 4.1, as described in
Chapter 3. When exposed to visible light, each bR molecule acts as a simple proton pump
which transports hydrogen ions from the cytoplasmic to the extracellular side through a
transmembrane ion channel that connects both sides of the membrane. The crystalline
structure is the basis of the bR material’s chemical and thermal stability. The PM has
been shown to be stable for several years while being exposed to prolonged periods of
sunlight. The PM even preserves its photochemical and photoelectric activity under dry
conditions, and can withstand relatively high temperatures of up to 140°C. Moreover, the
bR purple membranes continue to function as a proton pump under very harsh chemical
conditions such as extreme acidic and alkaline environments that are often considered
corrosive for semiconductor technology (Hampp, 2000).
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Figure 4.1 Basic structure of bacteriorhodopsin purple membrane patches. A bR
monomer penetrates through the membrane where its carboxy terminus is located inside
of the cell and the amino terminus is located outside of the cell. (Al-Aribe et al., 2011)

Over the past two decades researchers have exploited the proton transfer
mechanisms of bacteriorhodopsin PMs to develop a variety o f engineered photoelectronic
and microelectromechanical systems (Wang et al., 2008; Lensu et al., 2004; Roy et al.,
2010; Al-Aribe et al., 2010). The light responsive behaviour has been used to create
novel bioelectronic imaging arrays (Wang et al., 2008) and color sensors (Lensu et al.,
2004). As well, bR coated microcavities have been recently introduced as a mechanism
for developing all-optical switches (Roy et al., 2010). The bacteriorhodopsin based
photoelectric structures can also be used to induce volumetric phase transitions in pH
sensitive polymer gels. The flow of ions from the photon activated bR changes the pH
value of the ionic solution that surrounds the hydrogel actuator or microvalve (Al-Aribe
et al., 2010). The chargeable polymeric network undergoes a measureable geometric
change when the pH of the ionic solution is shifted to the phase transition point pKa (Li
et al., 2002).
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From the perspective of MEMS and microfluidic system design, all of these light
responsive devices require the bR to be properly immobilized on the surface of an
electrode in order for the PM to act as a directional proton pump. The measured
photoelectric signal from each cell electrodes is the combined response of numerous PM
proton pumps. Unfortunately, a thin film fabrication technique that produces PM patches
with a mixture of both cytoplasmic and extracellular sides being adsorbed on the same
electrode will result in a significantly weakened photoelectric response. In other words,
the resultant signal arising from two bR pumps with opposite orientation is zero (Schranz
et al., 2007). Consistent orientation of the PM patches on the electrode surface is,
therefore, necessary for efficient photon to ion flow and charge separation.

4.2 Phototransduction Process in Dried bR Films
The fabrication methodology can deeply influence the molecular architecture of the bR
based photocell, and thereby affects the photocell performance. The differences in the
cells performances can also be noticed with the small differences in the fabrication
methods. Therefore, the influence of the photosensitive cells preparation conditions on
the phototransduction process need to be described.

4.2.1 Role of water molecules in proton pumping process
The published studies concluded that the fundamental function of bR depends on the in
part on the presence of several water molecules in the proton transfer channel (Murata et
al., 2000). The water molecules located between the Schiff base and the key amino acid
residues have a critical role in forming a hyd rogen-bonding network that constitutes the
proton translocation pathway, and in keeping the protonated Schiff base structure stable.
The water molecule that is located between the Schiff base and Asp 96 is
considered to be indispensable for the protonation of the Schiff base. However the
unprotonated state of the Schiff base is an energetically favourable structure. So that, the
transfer of the proton from the Schiff base occurs spontaneously, no matter of whether a
water molecule is available.
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4.2.2 Dehydration effects on photochemical cycle and proton pumping
Several studies have shown that the kinetics of the bR photocycle is influenced by the
level of humidity (Korenstein and Hess, 1977; Váró, 1981). The photocycle and proton
pumping activity are fundamentally different from the wet bR photocycle and pumping
activity due to the change in the degree of humidity (Cao et al., 1991; Groma et al.,
2001). In the aqueous bR based film, each bR molecule acts as a light driven proton
pump. When exposed to light each bR enables its retinal protein to undergo in photoisomerization from all-trans and 13-cis, followed by proton pumping from the
cytoplasmic to the extracellular side of the cell membrane. Figure 4.2 (a) provides the
fundamental photocycle of bR, where the proton pumping is initiated with the release of a
proton in the L→M intermediate transition and finished with the proton uptake in the
following M→N transition during the photocycle (Edman et al., 1999).
On the other hand, the dry bR film acts fundamentally different from the aqueous
bR based cells. It was noticed that, when the medium humidity in the bR film becomes
less than 90%, the N intermediate is no longer observable, the basic intermediates are
accelerated, and less protons pumped across the protein (Ganea et al., 1997). The last
intermediate of the dried bR photocycle is the M state, and then the Schiff-base is
reprotonated. Coupling of the conformational changes of all of the intermediates are
hindered in the dry bR; this disables switching the accessibility of the Schiff-base the
extracellular to the cytoplasmic side and proton pumping does not take place (Ganea et
al., 1997). When exposing the dry bR to a nanosecond laser pulse, the photocycle
becomes slower and the protein returns to its ground state in different intermediates with
noticed lifetimes, indicating different paths of the proton back to the Schiff-base (Váró
and Lanyi, 1991). Figure 4.2 (b) provides a basic illustration of this process.
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Figure 4.2 Fundamental photochemical cycles of bacteriorhodopsin, for (a) the aqueous
phase, where the proton pumping starts with the release of a proton during the L→M
transition and finish with a proton uptake during the M→N transition (Edman et al.,
1999) and (b) the dry bR, where only K, L and M intermediates are observable and no
proton pumping across the protein membrane. (Al-Aribe et al., 2011)
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4.3 Surface Coverage of the Substrate with Biotinylated bR
Ideally the proposed bR immobilization process would result in an ultra-thin layer of PM
that covers the entire Au substrate. However, experimental observations confirm that
monolayer fabrication methods do not produce a continuous uniform monolayer of
closely arranged membranes (Schranz et al., 2007; Horn and Steinem 2005). The
sporadic distribution of PM fragments on the substrate may be the result of small
electrostatic repulsive forces between the constituent fragments. These forces likely arise
because individual fragments have a net negative charge above the purple membrane’s
isoelectric point (Hampp 2000; He et al., 1999).
In this study the surface coverage on the substrate was examined by using a
focused ion beam scanning electron microscopy (FIB-SEM) at the University of Western
Ontario’s Nanofabrication Facility. Figure 4.3 shows a photograph of the fabricated
photoelectric film and it is clear from the image that the PM fragments (dark patches)
cover significant, but not all, areas of the Au substrate. The mass density of the PM
fragments deposited on the gold substrate was calculated by assuming the layer of purple
membranes acted as a parallel plate capacitor (Horn and Steinem 2005) and found to be
0.9467ng/cm2 . It is important to recognize that the substrate surface topology (ie.
roughness), concentration of thiols, concentration of the streptavidin, and concentration
of the biotinylated purple membranes all play a critical role in determining the final
distribution of PMs on the gold substrate.
An important feature of the proposed fabrication technique is that very thin
photosensitive “layers” can be deposited on the substrate. Direct experimental
measurement of the photosensitive layer’s thickness is difficult because the o bserved
values are dependent on the precision and sensitivity of the instrument. Conventional
techniques such as optical ellipsometry, reflectance spectroscopy, capacitance metrology,
and atomic force microscopy (AFM) in contact mode can be used to measur e the layer
thickness but these measurements will be distorted due to poor lateral resolution (Casuso
et al., 2007) and the non-rigid structure of the purple membrane patches. Furthermore
these instruments measure a small area (usually few square micrometers) and then
compute value with the assumption that the whole surface has uniform properties.
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However, the electrostatic nature of purple membranes allows the formation of gaps
between fragments resulting in uneven coverage of the substrate.

Figure 4.3 SEM photograph of the self-assembled ultra-thin bR film, with a
magnification factor of 200. Enlarged area shown in upper right corner (taken in the
Nanofabrication Facility, the University of Western Ontario)

The experimental photocell is comprised of a single self-assembled bR layer on
the substrate. The entire photo responsive layer was fabricated under identical conditions
and, therefore, it is reasonable to generalize measurements of a small window as being
representative of the entire surface. The thickness of the bR-biotin-streptavidin-botinthiol-Au architecture was measured and characterized using an atomic force microcopy
(AFM) in the “jumping mode” where individual scans, Figure 4.4, were made at
randomly selected locations. The images and profile readings confirm that the
immobilized dry thin bR monolayer exhibits an overall thickness between 12 to 12.33nm.
Although the bR has not been deposited uniformly across the substrate surface, it does
provide a significant amount of coverage at this thickness.
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Figure 4.4 AFM analysis of the self-assembled ultra-thin bR layer. Two cross-sectional
profiles are shown (taken in the Surface Science at the University of Western Ontario).

Since the dimensions of the constituent components of the self-assembled
monolayer are known, it is also possible to theoretically compute the thickness of the
photosensitive layer. The individual purple membranes have a thickness of 5nm (Hampp
2000); the streptavidin is 5.8nm thick (Gast et al., 1999); and the biotinylated thiols form
a 2.7nm thick monolayer (Kossek 2009). Therefore, the overall thickness of the
photosensitive layer in its aqueous phase is calculated to be around 13.5nm. This
theoretical analysis validates the AFM measurements. The small difference be tween the
measured thicknesses of the dry bR and the calculated thickness of the aqueous bR is
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believed to arise from the reduction in water content during the drying process of the
actual bR film.

4.4 Investigation of Photoelectric Response of the bR Monolayer
The photoelectric response characteristics of the bR monolayer were measured under
various exposure times to laser light pulses (fixed wavelength, variable intensity). For
these measurements a photocell was created by placing the thin bR film between its Au
substrate and an optically transparent indium tin oxide (ITO) contact glass plate. The Au
and ITO surfaces act as microelectrodes to permit a closed electronic circuit to be
formed.

4.4.1 Experimental setup
The photocell constructed from bacteriorhodopsin PMs can be modeled by a simple
equivalent electronic circuit (Wang, et al., 2005; Horn and Steinem 2005; Xu, 2003;
Walczak et al., 2008) as shown in Figure 4.5. The Photovoltage source (Eph ) is formed by
the light responsive bR monolayer. The total capacitance (C t ) represents the combined
affect of the chemical capacitance arising from the charge displacement process and the
biological capacitance of the purple membranes. The total resistance is a result of the
purple membrane resistance and the contact resistance between the bR monolayer and the
electrodes. For this study, the space between the microelectrodes is determined by the
physical flatness of the electrodes and the thickness of the bR monolayer architecture
(approximately 12.33nm). An in-depth discussion about mathematically modeling the bR
behavior and developing a more detailed electronic circuit model ca n be found in the
work by Wang (Wang, 2006), Xue (Xue, 2003) and Wang et al. (Wang et al., 2006).
Once the photoelectric cell was assembled, an 18mW, 568nm laser was used to
provide a continuous source to the photocell, Figure 4.5. The 568nm light source was
used in the experiments because the peak photo-excitation of bacteriorhodopsin occurs at
this wavelength (Hampp 2000). The voltage differences were measured using an Agilent
34420A nano- volt/micro-ohm meter. The space between the microelectrodes is
determined by the physical flatness of the electrodes and the thickness of the bR
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monolayer architecture (approximately 12.33nm). No additional signal processing or
amplification was performed in an effort minimize distortions to the experimental
readings.
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Figure 4.5 Experimental apparatus used to test the photoelectric properties of the
photocell and equivalent electronic circuit fo r the light responsive bR thin layer. (AlAribe et al., 2011)

4.4.2 Photovoltaic response of bR monolayer to continuous light illumination
Prior to testing the fabricated thin bR film, several simple controlled experiments were
performed to investigate the photoelectric characteristics of the bare gold substrate, thiols
adsorbed on gold, and the streptavidin built on the thiols layer. The experimental
conditions for this preliminary test are identical to those to be used for activating the bR
photocell. When exposed to an 18mW, 568nm laser source over a prolonged period of
time the bare Au substrate exhibits random background noise in the range of -2.5 to
4.0µV as shown in Figure 4.6. Similar small-amplitude random photoelectric noise was
recorded for both the thiols absorbed on Au and the streptavidin built on the thiols layer.
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The results of these preliminary tests suggest that any measureable photovoltage is
generated by the bR-biotin-streptavidin-botin-thiol-Au architecture and, in large part,
originates from the actions of the PM proton pumps.
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Figure 4.6 Small- amplitude random photoelectric response of the bare Au substrate.

The bR photocell is initially exposed to a series of six consecutive light pulses
with varying time durations as shown in Figure 4.7. The light source is an 18mW,
568nm Melles Griot Argon Ion laser with a mechanical shutter. Under dark conditions
with no external illumination, the bR thin film exhibits a measurable voltage difference
across the electrodes in the range of 0.6 to 0.8mV. The small voltage recorded in the dark
state confirms the existence of a difference in charge density between the cytoplasmic
and extracellular sides of the bR purple membranes (He et al., 1999; Alexiev et al.,
1994).
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Figure 4.7 Measured voltage difference across the bR layer on a 0.185cm2 substrate as a
function of light exposure time.

Six pulses with increased time durations of light

exposure are shown.

When light first strikes the photoelectric device there is a rapid 1.4 mV
instantaneous increase and subsequent 0.5 mV decrease in the potential across the
photocell. The fast signal rise-time is due to the immediate charge separation and release
that occurs in less than 52 µs (Vsevolodov, 1998). After the initial overshoot the signal
slowly rises toward a steady state value between 1.8 to 2.1 mV. A rapid drop in the
voltage is observed when the light source is turned off. An enlarged view of the photoresponse of the bR film for the second light pulse with an intermediate intensity
reduction is given in Figure 4.8.
The rapid rise-time and overshoot observed at the onset of the light pulse and
subsequent undershoot after the light ceases supports the notion that reversible
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mechanical deformations in the bR-protein within the elastic zone of the PM structure
occur with the generation of the photo-voltage (Kuhlbrandt, 2000; Subramaniam and
Henderson, 2000; Ferrand et al., 1993). Specifically, these reversible deformations of the
PM patches influence the surface contact characteristics between the cytoplasmic side of
the bR patch and the ITO coated glass surface.
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Figure 4.8 Enlarged view of the photocell response to the second light pulse.
Illumination was intermittently reduced to 50% of intensity at 1800s.

The enlarged view of the sixth pulse, Figure 4.9, also illustrates the characteristic
rapid overshoot, subsequent drop-off and relatively slow signal build- up to steady-state.
The entire photo- voltage overshoot occurs within 1 to 3 seconds after the bR layer is first
exposed to a step input from an 18 mW, 568 nm laser. Similarly, the drop-off in voltage
once the light is removed also occurs within 1 to 3 seconds (Figure 4.7). The relatively
slow rise to steady-state for constant illumination is observed for all input pulse widths.
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Figure 4.9 Enlarged view of the photocell response showing voltage buildup toward
steady-state over the duration of the sixth light pulse in Figure 4.7.

4.4.3 Photovoltaic response of bR monolayer to short light pulses
The photoelectric response of the bR photocell to shorter bursts of light is examined by
exposing the device to a sequence of progressively longer light pulses ranging from
0.0625s to 30s as shown in Figure 4.10. Since the experiment does not use peripheral
signal amplification circuitry, the results confirm that the maximum voltage difference
generated by the photocell is directly dependant upon the light exposure time. Upon
closer examination the experimental results show two distinct types of response
behaviour, Figure 4.11, based on the width of the light pulse. The first type (Zone I)
represents the relative nonlinear response of the photocell to short light pulses with
exposure times of less than 4s. These correspond to light pulses a, b, c, d, e, and f in
Figure 4.10, respectively. This nonlinear characteristic occurs because the experimental
photocell did not reach final steady-state during the brief exposure to light. Light pulses
shorter than 0.1s produced no discernable signal beyond the background noise in the
system. In contrast, the second type (Zone II) exhibits a linear characteristic because the
photocell had sufficient time to reach steady-state for exposure times greater than 4s.
These correspond to light pulses g, h, i and j in Figure 4.10, respectively.
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Figure 4.10 Measured voltage difference across the 0.0925cm2 pixel for a sequence of
varying input pulse widths (0.0625s, 0.125s, 0.25s, 0.5s, 1s, 2s, 4s, 8s, 15s, and 30s).

In general, microsystems are expected to detect a noise signal in addition to the
system response. The noise signals that are associated with the photoelectric cells are
expected to be originated from the photothermal effect as it is the dominating source of
noise in the light exposed surfaces (Talghader, 2004; Mohd-Yasin et al., 2010). Both the
linear and the nonlinear response zones exhibit similar background noise that ranged
from -0.1 to 0.1 mV. The characteristics of the detected background noise did not change
significantly under varying light intensity or exposure durations. The amplitude of the
noise exhibited by the final fabricated photocell was approximately 0.1mV, which is
larger than the 4.0µV signal associated with the control experiments of the bare gold Au,
thiols, and streptavidin structures. This difference in noise is not the result of changes in
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illumination but rather the electrical properties of the self-assembled bR monolayer. The
bR purple membranes are electrically characterized with the asymmetric charge density
between the cytoplasmic and the extracellular sides of the bR purple membranes. In
general, the overall steady-state signal- to-noise ratio of photocell is around 21
(2.1mV/0.1mV). The observed fluctuations are considered to be background noise.
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Figure 4.11 Relationship between the width of the light pulse and maximum voltage
difference generated by the bR photocell.
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The influence of light intensity on the photocell’s response is also investigated by
varying the light power of the source from 0-100% as shown in Figure 4.12. Previously
published research performed at the University of Western Ontario (Wang et al., 2004)
showed that there is a near linear relationship between input light intensity and the photovoltage response of a bR film. However, these results were observed for a thicker
(approx. 30µm) dry bR film fabricated using the EFS immobilization method. The
nonlinearity observed in the current study may reflect the differences in charge density of
the highly oriented PMs embedded in the ultra-thin monolayer and the less uniformly
oriented, and stacked, PMs in the thicker EFS formed layer.
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Figure 4.12 Relationship between light intensity and bR photocell response.

4.4.4 Discussion
A self-assembled photoelectric monolayer that functions as a proton pump when exposed
to external light has been investigated. The biotin molecular recognition technique was
used to label the extracellular side of the bR purple membranes and enable the oriented
proton pumps to be efficiently coupled to the streptavidin molecules on the biofunctionalized gold substrate. The thickness of this monolayer was less than
~12.33/10000 (1/811) of the thinnest film fabricated using more classical methods such
as the electric field sedimentation (EFS) technique. In other words, this method of
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orienting

and

assembling

PM patches significantly reduced

the amount of

bacteriorhodopin needed to cover the same surface area.
Once built on the Au substrate, a functional photocell was created by placing an
optically transparent indium tin oxide (ITO) contact glass plate on the ultra thin dry film.
The photocell was tested under controlled conditions and found to generate reliable and
repeatable photo- voltage signals in the mV range. The temporal response characteristics
of the experimental device were similar to that reported in the literature for other bRbased sensors (Wang, 2006; Hong, 2007; Marx, 2007). Several researchers have
exploited the rapid rise and initial overshoot behaviour of dry bR film to create light
detectors that provide a differential response to a high frequency light pulse train (Wang
et al., 2005; Wang, 2006; Hong, 2007; Marx, 2007).
The experimental observations also supported the notion that the PM fragments
for a very thin dry bR film will preserve the proton pump ion transport mechanism which
had been previously reported in the literature for biotin-streptavidin-bR adsorbed on lipid
(Chen et al., 2003) and the aqueous biotin-streptavidin-bR architecture (Ren et al., 2006).
Furthermore, the ultra thin monolayer structure does not negatively affect the
photoelectric functionality of the dry bR molecules during its photo-cycle.
The relationship between input light intensity and photocell response was also
demonstrated (Figure 4.12). The experimental results show a higher degree of
nonlinearity than previously published studies (Wang et al., 2004).

This observation

may reflect the differences in surface charge density for the ultra thin bR film described
in this paper and the thicker films created using other immobilization methods. Thicker
films contain a larger number of PM patches which are nonspecifically stacked on each
other and, often, the resulted contact surface of the film with each electrode contains a
mixture of extracellular and cytoplasmic sides of the PM patches. Overlapping PM
patches with non-uniform orientation of their constituent bR molecules may cause ions to
become trapped inside the film between the stacked monolayers.
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4.5 Concluding Remarks
The photoelectric analysis and characterization of the dry bR has been experimentally
provided in this chapter. The chapter introduced the fabrication methodology for
producing ultra-thin bR photoelectric layer, and detailed characterization of the fabricated
photosensitive layer. The self-assembled monolayer of oriented bacteriorhodopsin (bR)
purple membranes was created on a biofunctionalized gold surface using a biotin
molecular recognition technique. The biotin enabled the extracellular side of the bR
purple membranes to be precisely labelled. The density of purple membranes on the thin
layer (~12.33nm) was experimentally determined to be 0.9467ng/cm2 . Once fabricated an
optically transparent ITO was placed on top of the finished molecular assembly of the bR
photocell for experimental testing and performance verification. The experimental
investigation of the photocell demonstrated that a 12.33nm thick bR layer could generate
nearly 0.54mV/(mW·cm2 ) when exposed to an 18mW, 568nm laser source.
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CHAP TER 5
PH-GRADIENTS GENERATED BY SELF-ASSEMBLED BR
PROTON PUMPS
5.1 Introduction
Monitoring and regulating the pH of solutions is an important step in controlling the pH
sensitive hydrogel as the phase transition of the hydrogels takes place at specific point of
the energy scale and indicated by pKa, and pH of the surrounding electrolyte. However
due to its importance, the precise controlee and regulation of pH plays an essential
activating variety of biological and chemical processes on Lab-on-a-Chip (LOC) devices
and micro-Total Analysis Systems (-TAS). Externally modifying the pH of a target
solution can drive a variety of electro-chemical processes necessary to identify unique
proteins, move molecules, and exchange ions between solutions. The microscale control
of pH has enabled new methods to be developed for on-chip protein identification, the
transfer of large molecules (Suzurikawa et al., 2010), and ion exchange chromatography
(Pabst et al., 2008). Other LOC applications that depend on generated pH gradients are
the fractionation, separation, and assembly of biologically based molecules such as the
human salivary proteins and the collagen bundles (Cheng et al., 2008). From an
engineering perspective of this chapter, manipulating the pH of a solution in a
microchannel, or reservoir, provides a mechanism for activating and controlling an ionic
hydrogel microactuator, or the colour of a phenolphthalein indicator dye for visually
monitoring acidity changes in sample solutions (Al-Aribe et al., 2010).
In recent years, a number of researchers have developed "on-chip" pH gradient
generators for a variety of applications.

May and Hillier (May and Hillier 2005)

proposed an electrically driven pH gradient generator in 2005. The microscale generator
consisted of two electrodes made from a glass substrate covered by an indium-tin oxide
layer coated with a platinum catalyst layer. An electric field is then applied to generate a
potential gradient in an ionizable solution. The resultant electrical potential induces water
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oxidation at different rates along the electrode's surface. The strength of the electric field
determines the final pH of the solution.
Suzurikawa et al (Suzurikawa et al., 2010) introduced an on-chip electrically
powered pH gradient generator activated by two photoconductive electrodes.

Each

electrode was constructed from three laminated layers on a glass substrate. The laminated
layers include a fluorine-doped SnO2 (F:SnO 2 ) layer, an a-Si:H photoconductive layer,
and a zinc antimonate (ZnO/Sb 2 O5 )-dispersed epoxy passivation layer with low
conductivity. The photoconductive planar electrode generates a conducting point, which
acts as either a photo-anode or cathode, when exposed to an electric field and illuminated
by a 1000mW/cm2 light source. At these conducting points, the electrical field generates
hydroxide ions that produce the observed pH gradients. Although this technique leads to
rapid generation of pH gradients, the system requires a strong light source and an external
electric field to create the local anode or cathode at the conducting points of contact. Both
the high intensity light and the external electric field can negatively affect biological
samples for some medical applications.
The controlled generation of pH gradients in a solution has also been used as the
method for assembling functional membranes in microfluidic devices. Mass transport
control for filtration, microdialysis, extraction and gas- liquid exchange in micro-systems
can be achieved by integarted membranes (Luo et al., 2010). In situ fabrication methods
such as photo-polymerization and thermo- gelation have been developed for creating
porous strucures in microchannels however these techniques can leave residues that are
toxic to biological processes. In this context, Luo et al (Luo et al., 2010) proposed using
in situ generated pH gradients to fabricate semi- impermeable chitosan membranes.
Rather than using high electric fields that can be problematic for the fabrication of
chitosan membranes, the authors chose to exploit a freestanding hydrophilic membrane
structure that enabled pH gradients to be generated at the converging interface between a
slightly acidic chitosan solution and a slightly basic buffere solution. A simple pumping
strategy was then used to create a stable and localized pH gradient. The resultant
biofabricated chitosan membranes were experimentally determined to be uniform and
permeable to aqueous solutions. The study illustrates that controlling the local pH
gradient plays an important role microfluidic device fabrication and operation.

67
A low-power optically driven pH gradient generator provides an alternative noninvasive mechanism for modifying the target solution's acidity without inducing strong
electric fields near the solution or exposing the solution to high intensity illumination and
heat.

Erogu et al (Eroglu et al., 1994) described a simple biologically- inspired pH

gradient generator based on a light-harvesting protein naturally found in the plasma
membrane of Halobacterium salinarium. In its natural state the bacteriorhodopsin (bR)
molecules are carrier proteins that use the sun’s energy to transport hydrogen ions from
the cytoplasmic to the extracellular side through a transmembrane ion channel that
connects both sides of the Archaebacteria’s cell membrane. This early work (Erogu et
al., 1994) showed that light could be used to drive a pH gradient generator. The authors
also identified several limitations that occur because of the random orientation of the
proton pumps. The directional orientation becomes a critical factor in utilizing biological
materials for efficiently pumping H+ ions in microfluidic channels.
The fabrication procedure for creating a biologically inspired light driven
transducer that generates measureable pH gradients in minute quantities of ionic solutions
is introduced in this paper. The microscale planar transducer converts an optical signal
into a flow of hydrogen ions from a reservoir to a target solution. The transducer or pHgradient generator, Figure 5.1, exploits the molecular proton pumps found in t he purple
membranes (PM) of wild type bacteriorhodopsin (bR). The transducer structure is an
ultrathin layer of oriented PM patches self-assembled on an Au-coated porous anodic
alumina (PAA) substrate. A biotin labelling and streptavidin molecular recognition
technique is used to attach uniformly oriented PM patches to the porous substrate and
ensure the efficient transport of ions across the transducer surface. The photo- induced
proton pumps embedded in the bio-functionalized porous substrate produce a flow of ions
that generate a measureable pH proportional to the active surface area and light
intensity.
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Figure 5.1 Layered structure of an optically driven pH gradient generator used to
transport hydrogen ions (H+) between two adjacent ionic solutions separated by a porous
substrate.

The functional mechanism for the light activated bR PM proton pumps is
described in the following section. The discussion focuses on how the PM patches in the
original archaebacteria transport ions across the cell membrane structure. The fabrication
method used to orientate and immobilize the extracted bR PM patches on the gold coated
porous substrate is summarized in Section 5.3. The materials used are identified and
procedural steps are described in detail. Experimental tests used to verify the functional
performance of the proposed optically driven pH gradient generator are presented in
Section 5.4. A mathematical model of the relationship between the illumination
characteristics and target solution's pH is developed and verified.

Furthermore, a

simple experiment is presented to demonstrate how the photon responsive transducer
generates a sufficient pH to cause a phenolphthalein indicator dye to change colour.
Finally, conclusions and directions for future work are summarized in Section 5.5.
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5.2 The Approach
5.2.1 Embedded bR proton pumps
Over the past several decades a number of researchers have attempted to exploit bR
proton pumps to change the pH of a target solution. In the late 1970’s Ort et al., (1978,
1979) showed that bR molecules can alter the volume of a surrounding fluid when
exposed to light. Even though these tests involved non-oriented and randomly distributed
PM patches, the experimental results provided clear evidence that the bR proton pumps
would maintain their primary function when removed from the living organism. The
measured change in volume further supported the notion that the bR pumping activity
was the main mechanism for transporting hydrogen ions across the cell membrane and
the experimentally observed gradient was not the result of charge translocation or charge
transfer through the surrounding conductive medium.
To closer explore this pumping phenomena, Eroglu et al., (1994) immobilized bR
material in a 4mm thick polyacrylamide gel membrane using the Electric Field
Sedimentation (EFS) technique. The functionality of the modified gel membrane was
tested by pumping protons between two liquid filled compartments. Rather than
demonstrating the directional pumping of protons from one compartment to the other, the
recorded measurements showed a similar simultaneous change in pH of the adjacent
compartments. Although this behaviour appeared to contradict the leading hypothesis of
the time, the authors explained the results by suggesting an unknown surface
phenomenon was acting on the bR-gel membrane. Further studies suggested that the
unpredicted response observed by Eroglu et al (1994) may have been due to the EFS
technique used to immobilize the bR in the gel. The EFS method is non-specific as to
how it adsorbs bR pumps on the positive electrode thereby both sides of the bR can
become negatively charged with only slight differences being observed (He et al., 1999).
The notion of a light activated membrane for pumping protons between two ionic
solutions has been revived in recent years. Lee et al., (2006) used chemical treatment
protocols to modify the electrostatic characteristics of bR protein surfaces in an effort to
enhance the monolayer surface connect ability to polymeric planar membranes and
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vesicles. The key step in their chemical treatment process is the extraction of each bR
molecule from its biological membrane and exposing its surfaces to a sequence of pH
changes between acidic and basic solutions. Experimental tests on planar bR-gel sheets
made by inserting the chemically treated bR in the polymeric membrane showed an
absolute ∆pH of 0.1986. The actual response amplitude of bR molecules embedded in the
polymeric membrane, however, was much lower than the estimated values. The authors
attributed the decrease in efficiency to the chemical protocols used and the possible
molecular shielding effect because the transmembrane channels that connect the
cytoplasmic side to the extracellular side would became partially blocked (Lee et al.,
2006).

5.2.2 Self-assembled proton pumps on a porous substrate
An alternative approach to generating microscale pH gradients using light activated bR
proton pumps is introduced in this research. Rather than immobilizing the bR molecules
in a polymer gel membrane, the bR PM patches are adsorbed onto a porous anodic
aluminum oxide substrate. In this fabrication method an ultrathin layer (~13nm) of
oriented PM patches is self-assembled on an Au-coated porous anodic aluminum oxide
substrate. The self-assembled monolayer of oriented purple membrane patches from bR
is created on a bio- functionalized gold (Au) surface using a biotin labelling and
streptavidin molecular recognition technique (Al-Aribe et al., 2011). The biotin enables
the extracellular side of the bR purple membranes to be accurately labelled and properly
oriented to permit the efficient transport of ions in only one direction across the
transducer layer.
During the biochemical immobilization process, the biotinylated alkylthiols
modify the Au surface using HS- terminals of the thiols and affixes the labelled bR to the
functionalized surface using streptavidin-biotin interactions. One of the most reliable
methods to build self assembled monolayers is activating the substrate with biotinylated
thiols. The thiols are chemical chains that have HS terminal which is characterized with
its high affinity to gold, and another terminal that can be permanently activated with
biotin. The self-assembly of the labelled bR-proteins on the thiol monolayer is
accomplished by a streptavidin molecular recognition and binding capabilities. The biotin
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activation of the thiol layer makes the adsorption of the biotinylated bR proton pumps
possible by using a streptavidin matrix.

5.3 Fabrication of Experimental Analysis
5.3.1 Preparation of the bio-functionalized porous substrate
Prior to fabricating the bR monolayer it is necessary to coat the 0.2cm2 porous anodic
aluminum (PAA) substrate with a 3nm layer of titanium and a 22nm layer of gold (Au).
The titanium provides a permanent adhesive link betwe en the PAA substrate and Au
layer.

Gold surfaces are characterized with their high affinity for thiols adsorption

thereby enabling permanent bonds to be formed between the HS terminal of the thiols
and the Au surface.
Before adsorbing the biotin terminated thiols and the hydroxyl thiols on the
substrate, the Au coated substrate was first cleaned for less than 5 seconds with
concentrated ‘Piranha’ solution (70 vol.%H2SO4, 30 vol.%H2O2) and rinsed with milliQ
water, and then rinsed with pure ethanol. Following the cleaning step, the Au coated
substrate is incubated in 0.7mM mixture of biotin terminated thiols and hydroxyl
terminated thiols in pure ethanol for 7 days at room temperature in glass tubes in dark
room. The used ethanol is first degassed by bubbling nitrogen for 20minutes. The thiols
mixture is prepared by adding 100µl of 10mg/ml biotin thiols dissolved in pure ethanol to
400µl of 10mg/ml hydroxyl thiols dissolved in pure ethanol. The formed mixture is
diluted by adding 4ml of pure ethanol. The resulted mixture is then sonicated in iced bath
for 3-5 minutes until the mixture became homogenous. The final step involves washing
the activated substrate with ethanol, milliQ water, and phosphate buffer saline (PBS) at
pH 7.4.

5.3.2 Fabrication of the Polydimethylsiloxane (PDMS) microfluidic chip
The polydimethylsiloxane (PDMS) microfluidic chip that contains the photosensitive
chip is first created using a SU-8 micromold. The key steps involved fabricating the test
chip (Figure 5.2) involve: creating a photomask, spin coating SU-8 photoresist,
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polymerizing the SU-8 mold, and stamping the mold with PDMS to cast the final part in
PDMS. Micromolds created from thick photoresists, such as SU-8, enable micro- features
with high resolutions to be produced without the need for wet etching. Chemical etching
on glass substrates is an expensive process that requires the use of environmentally
harmful chemicals such as hydrofluoric acid and nitric acid (Abgrall and Gue 2007;
Mourzina et al., 2005)
Photomask

Spin coated SU-8
photoresist

Poly merized SU-8
mo ld

PDMS stamping

Poly merized

PDMS

micro flu idic ch ip

Figure 5.2 Sequence of steps used to fabricate a PDMS microfluidic chip.

For this application, the SU-8 mold for the microfluidic device is created by
initially soaking a glass substrate in 20% HCl for two hours and then rinsing it with deionized water. Once the glass substrate is dried on a 200ºC hot plate for at least 15min it
is coated with a thin film of the negative photoresist SU-8 2050. A film thickness of
100m is achieved by spinning the coated substrate at 500rpm for 5s and then at
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1700rpm for 30s. The formed photoresist film is then baked at 65ºC on a hotplate for
5min, followed by further heating at 95ºC for 30min. The process of baking and cooling
the photoresist must be gradual to avoid creating large temperature gradients across the
film which cause local stresses that influence surface roughness and introduce cracks.
Thermal stresses can also cause the premature separation of the mold from the substrate.
Based on experiments it is recommended that the temperature be ramped up in 2-3ºC/min
increments.
Once completed, the photoresist is exposed to light for 36s. This time exposure is
provided in three doses of 12s each, and 1min rests between doses to avoid overheating.
The photoresist coated substrate is baked again for 5min at 65ºC and 15min at 95ºC. The
photoresist is then developed in a SU-8 developer, rinsed with isopropanol for 10s, and
dried with compressed nitrogen. Finally, the formed micro mold was hard baked on the
hot plate at 200ºC for 20min. This last step in the process anneals the mold and prevents
surface cracks from forming.
The polymer replicated part is produced from the SU-8 micromold using a PDMS
molding process. To complete this step a Sylgard 184 (Dow Corning) kit is mixed and
de-gassed using a vacuum desiccators. The PDMS mixture is then poured on the SU-8
mold in a Petri dish, and exposed to a vacuum in order to remove air bubbles trapped at
the interface of SU-8 and PDMS. The polymerization process is accelerated by applying
homogeneous heating in an incubator at 80ºC for 120 minutes. The formed PDMS
microchannel, Figure 5.3 is cooled to room temperature, and soaked in acetone for 30min
to reduce the adhesion between SU-8 mold and PDMS structure. The PDMS is then
gently peeled off in acetone. This last step is very important, espec ially for designs that
have very small features. Before using the PDMS it is very important to convert its
surface from the hydrophobic to the hydrophilic nature. Most of the published literature
on the nature of the PDMS surfaces indicates that, the surface is made up of repeated -OSi(CH3 )2 groups . When exposed to the oxygen plasma, these groups developed silanol
groups (OH) at the expense of methyl groups (CH3 ). The increase in the (OH)
concentration in the surface leads to forming stronger intermolecular bonds because the
(OH) groups are naturally polar, so that they make the surface highly hydrophilic
(Bhattacharya et al., 2005). Practically, the PDMS microchannel is treated with oxygen
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plasma in STS Reactive Ion Etch System for 30 seconds to make the channel surface
hydrophilic. Once this step has been completed the device is placed in de- ionized water.

Microchannel

Reservoir
Posts

Figure 5.3 SEM photograph of the PDMS based microfluidic chip.

5.3.3 Surface coverage of the Au-PAA substrate with biotinylated bR
Although the biotin labelling and self-assembly technique creates a thin layer of bR
purple membranes, a closer examination of the porous substrate surface shows that this is
not a single contiguous layer rather a sporadic distribution of PM fragments (Al-Aribe
and Knopf 2010; Horn and Steinem 2005).

The electrostatic nature of bR protein

produces gaps between the individual PM patches. The surface coverage is examined by
using a focused ion beam scanning electron microscopy (FIB-SEM). Figure 5.4 is a SEM
photograph of the fabricated photoelectric bR layer and it is clear from the image that the
PM fragments (darker areas) cover significant, but not all, areas of the Au substrate.
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Figure 5.4 SEM photograph of the self-assembled ultra-thin bR film on porous PAA
substrate with a magnification factor of 3000. Enlarged area shown in upper right corner.

The mass density of the PM fragments deposited on the Au substrate was
calculated by assuming the layer of purple membranes acted as a parallel plate capacitor
(Horn and Steinem 2005).

Once assembled on the Au coated PAA substrate the

photoelectric response characteristics of the self-assembled bR monolayer were measured
under fixed light exposure pulse. For these measurements a photocell was created by
placing the thin bR film between its Au-PAA substrate and an optically transparent
Indium Tin Oxide (ITO) contact glass plate. The Au and ITO surfaces act as
microelectrodes to permit a closed electronic circuit to be formed. An 18mW, 568nm
light source was used in the experiments because the peak photo-excitation of
bacteriorhodopsin occurs at this wavelength (Hampp2000). The voltage differences were
measured (Figure 5.5) using an Agilent 34420A Nano-volt/micro-Ohm meter. No
additional signal processing or amplification was performed in an effort minimize
distortions to the experimental readings.

The initial experiments on the photocell

demonstrated that a 12.33nm thick bR layer could generate nearly 1.33mV /(mW·cm2 )
when exposed to a 90mW/cm2 , 568nm laser source for 80 seconds. Based on the
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measured the photovoltaic response, and the assumption of considering the selfassembled bR monolayer to act as a parallel plate capacitor, the bR mass coverage
density is calculated to be approximately 2.33ng/cm2 . It is important to recognize that the
substrate surface topology (ie. roughness), concentration of thiols, concentration of the
streptavidin, and concentration of the biotinylated purple membranes all play a critical
role in determining the final distribution of bacteriorhodopsin purple membranes on the
gold coated substrate.
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Figure 5.5 Experimental photocell response to a light pulse.

Since the entire photoresponsive transducer was fabricated under identical
conditions, it is reasonable to conclude that the measurements obtained over a small
window are representative of the entire surface. The surface morphology of the bRbiotin-streptavidin-botin-thiol-Au-PAA architecture was measured and characterized
using an Atomic Force Microscopy (AFM) where individual scans, Figure 5.6, were
made at randomly selected locations. The images and profile readings confirm adsorption
of the bR monolayer, where the surface profile jumps locally for 40nm. These jumps in
the surface profile are higher than the Ti- Au layer which has overall thickness of 25nm.
Although the bR has not been deposited uniformly across the substrate surface because of
the porosity, it does provide a significant amount of coverage at this thickness.
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Figure 5.6 AFM analysis of the self-assembled ultra-thin bR layer on PAA substrate.
Two cross-sectional profiles (A-A', B-B') are shown.

5.3.4 Photo-electro-chemical response based on pH-gradients
The planar bR-biotin-streptavidin-botin-thiol-Au-PAA (bR-PAA) transducer is inserted
into the PDMS device forming pH-controllable semi-porous barrier between two
microfluidic reservoirs that contain ionic solutions. The assembly process involves
mechanically stretching the flexible PDMS microfluidic device, inserting the bR-PAA
transducer at the desired location, and then carefully releasing the polymer chip to tightly
seal the edges of the transducer, Figure 5.7. The mechanical seal eliminates any possible
contamination that may arise from a chemical adhesive.
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R2: Reservoir 2
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Figure 5.7 Schematic drawing of the microfluidic test device used to perform the
experiments. The dimensions are given in µm.

The photoelectrochemical response characteristics of the fabricated pH- gradient
generator are investigated by measuring the change in pH of the solutions under various
exposure times to a continuous wave 18mW, 568nm (Melles Griot) Argon Ion laser. The
pH changes were measured using a high precision 6230N pH Meter from Jenco
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Instruments with a 2.2mm diameter micro-electrode. The electrode is initially inserted at
a distance of 250µm from the transducer surface in the reservoir chamber (R1) located
adjacent to the immobilized bR. The tip is positioned approximately 60º with the
horizontal. The light source is also provided to the same transducer side by a very thin
flexible optical fibre placed between the transducer and electrode. The light source was
adjusted to provide uniform illumination across the entire photosensitive surface of the
bR-PAA transducer. The instrumentation used in experimental study enabled a sampling
time of 1 second with a high degree of pH sensitivity of 0.01 pH units. No additional
signal processing or amplification is performed to the raw signals in an effort to record
undistorted readings.
Prior to testing the pH-gradient generator, several controlled calibration tests are
performed to examine the photo-electro-chemical activity of the bare Au substrate, thiols
adsorbed on gold, and the streptavidin built on the thiols layer. The experimental
conditions for these preliminary tests are identical to those used to verify the performance
of fully functioning bR-PAA transducer. When exposed to an 18mW, 568nm laser source
the bare Au substrate, and the thiols coated substrate exhibit no measurable photoelectric
activity and, therefore, unable to produce a pH-gradient. These preliminary tests confirm
that any measureable pH-gradient generated by the bR-biotin-streptavidin-botin-thiol-AuPAA architecture originates, in large part, from the actions of the PM proton pumps.
The light response characteristics of the proposed pH gradient generator are
investigated by exposing the bR-PAA transducer to different light intensities. The pH of
the ionic solutions is selected above 4.5 to avoid any possible interference that might
occur at the isoelectric point of the protein. Under dark conditions the ionic solutions
separated by the planar transducer exhibits no measurable electro-chemical activity.
When the beam from the light source strikes the photo-sensitive bR PM layer, the proton
pumps transport H+ ions residing at the interface of the transducer and ionic fluid into the
anodic aluminum oxide porous membrane and then to the solution in the opposite
reservoir. As a consequence, the concentration of the H+ ions in the first reservoir (R1) is
decreased producing an increase in the solution’s alkalinity as shown in Figure 5.8. At
the same time this process increases the H+ ions and acidity of the solution in the second
reservoir.
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Figure 5.8 Change in pH of the ionic solution in reservoir R1 as a function of light
exposure. The pH gradient transducer has an active surface that is 0.2cm2 .

The measured pH gradient of the solution in R1 is also a function of the light
intensity, Figure 5.9. The experimental data suggests that a minimum level of light
intensity is necessary to drive the bR proton pumps and generate a significant change in
pH. Over a period of 300 seconds, an 18mW light beam generated a pH-gradient that
was five times the magnitude observed with only a 9mW source with the same beam
diameter. The nonlinear behaviour shown in Figure 5.8 is not unexpected because the
observed pH-gradients are the result of combined effects arising from the bR’s
photoelectric response characteristics and the electrostatic interaction of ions migrating
across the bR-PAA transducer.
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Figure 5.9 Change in steady-state pH of the solution in reservoir R1 as the intensity of
light striking the transducer increases.

Furthermore, the light activated bR proton pumping action causes a near
instantaneous depletion in the concentration of the H+ ions along the interface of the bRPAA transducer with the ionic fluid. This depletion is, however, slowly compensated by
the migration of H+ ions from regions of higher concentration within the same reservoir.
Several experiments are performed to investigate this phenomenon. The first test is to
record the ∆pH in R1 at a distance of 500µm from the transducer, and the second at
1000µm from the transducer. Figure 5.10 shows the pH build- up at the center of the
interface between the bR monolayer o n the transducer and the ionic solution when
exposed to laser light for only 1500 seconds. At a distance of 500 µm from the
transducer, the pH reaches its maximum value in less than 40 seconds, and then drops off
to a slightly lower steady-state value that continues largely unhindered even after the
light source is removed. The recorded measurements show that the pH build-up at this
location takes more than 450 seconds. In contrast, the pH reaches its maximum value
after 300 seconds when the electrode is p laced 1000 µm from the transducer. The
increase in response time as the probe is moved away from the transducer is expected
because the proton pumping process will initially change only the H+ ion concentration
near the transducer's surface. However, the e lectrostatic repulsive forces between the
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mobile ions will eventually move them randomly through the solution until the
concentration is homogenized (Robbins 1972).
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Figure 5.10 Measured pH in the R1 solution as the electrode probe is moved away from
the bR-PAA transducer surface. The instrument used to record the solution's pH had a
sampling time of 1 second and resolution of 0.01 pH units.

The primary factor that controls the rate in which ions flow across the bR-PAA
transducer surface is the density of the bR proton pumps where each pump can transport
up to 100 protons/sec ( Hampp 2000). However, there is a physical constraint as to how
many bR purple membrane patches can be self-assembled on the Au-coated porous
anodic alumina substrate. This fabrication constraint restricts the density of functional
proton pumps and thereby limits the response time of the pH gradient generator. It is also
important to note that the verification experiments involved the pumping of ions from
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reservoirs of equal pH, thereby minimizing the impact of unhindered molecular diffusion
of the hydrogen ions through the nano-pores of the bR-PAA transducer. Furthermore, the
experiments used in this study demonstrated that the light driven process is unidirectional
taking H+ ions from the reservoir on the bio- functionalized side (R1) of the bR-PAA
transducer and transporting them across to the second reservoir (R2). Figure 5.11 shows
the corresponding proportional changes in pH of reservoirs R1 and R2 while the biofunctionalized side of the transducer is exposed to light.
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Figure 5.11 Change in pH over time of the two reservoirs separated by the bR-PAA
transducer when exposed to an 18mW light source (-ο- for R1, -- for R2).

Although the optically controlled bR-PAA transducer is relatively slow when
compared to electrically driven pH gradient generators, the proposed method transports
ions between solutions without introducing additional electrical currents. As well the
system is remotely driven by a focused beam that can originate from outside the
enclosure or reservoir chamber.
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5.4 Molecular Mechanism for the Light Driven pH Gradient
Generation
The proton pumping action of the light-driven bR-PAA transducer changes the molar
concentration of the hydrogen ions in the adjacent solutions. The concentration of the
hydrogen ions (H+) is theoretically related to the pH scale by a logarithmic function
(Voet et al 2006). This relation describes electrochemical potential and changes observed
in the non-buffering solutions.
A more detailed model can be developed by considering the molecular level
events of the various optically driven bR-PAA transducer components. The net molar
concentration of the hydrogen ions can be computed based on the transducer's surface
area, the volume of the ionic solution in the reservoir, time duration of the light exposure,
and the number of incident photons delivered by the light source. In other words, the ion
concentration is





pHt   log H 0  H t
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pH t   log H    
N  P  H
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 n  
t  pho  
 nmax  

(5.1)

(5.2)

where A is the area of the substrate that is exposed to light in µm2 , AbR is the area of one
bacteriorhodopsin hexagonal molecule (1.13 x10-5 µm2 ), N'P is the maximum rate of
protons that can be pumped by one bacteriorhodopsin molecule at the optimum wave
length (100 proton/sec), m H is the mass of the hydrogen ion (1.00797/6.0221415 x10-23
grams), VC is the volume of the fluid in the reservoir or channel (e.g. 0.1µL), npho the
number of photons received by one bR hexagonal molecule, nmax is the maximum number
of photons can be processed by one bR hexagonal molecule (100 proton/sec) , η is the
surface coverage fraction factor (from 0 to 1, it depends on the uniformity of the
fabricated bR monolayer), and φ is the substrate surface porosity (15% for the test case).
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of the maximum number of photons that can be processed by each bR proton pump.
The pumping capacity is dependent upon the ability of each constituent bR
molecule to transfer approximately 100 protons per second when exposed to sufficient
light energy to initiate the photo-chemical process. Any additional energy beyond the
threshold does not increase the pumping rate (Hampp 2000). The comparison with actual
experimental data demonstrates the viability of the model to predict proton flow between
adjacent reservoirs separated by the bR-PAA transducer, Figure 5.12. However after
1800 second the pH changes became less, which means it is reaching the saturation
criteria. This is expected when depleting the concentration of the free hydrogen ions.
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Figure 5.12 Comparison between the experimental observations -ο- (every 100th sample
is shown with circular mark) and theoretical model ( __ ) used to predict the temporal
change in pH for the R1 solution when exposed to a constant light source.
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5.5 Monitoring Solution Acidity Using Phenolphthalein Dye
A simple demonstration of the bR-PAA transducer's ability to generate significant
changes in target solution pH is shown in Figure 5.13. The ionic solution in R1 contains
the 8-hydroxyprene-1,3,6-trisulfonic acid (pyranine) dye at a concentration of 1.3mg/ml
(Al-Aribe and Knopf 2010). When an 18mW, 568nm light source strikes the biofunctionalized surface of the transducer, the photon activated bR proton pumps transport
H+ ions from R1 to R2 and change the color of the target electrolyte solution in R1 from
a pale yellow (pH 5.10) to blue (5.31). The phenolphthalein dye selected for this
demonstration test exhibits a visible change in color at a pH of 5.20. The observed
changes in color indicate a reduction in H+ ions and, thereby, a lowering of the solution's
overall acidity.
By incorporating pH sensitive dyes in micro-sensors it is possible to provide a
visual cue as to changes in pH without the need for sophisticated instrumentation or
external hardware to either electronically or optically enhance the signal. It is important
to note, however, that the concentration of the indicator dye controls the "saturation"
component of the observed color and, therefore, adjusting dye concentrations will
produce variations of the same hue.
An interesting variation on this simple monitoring device is an optically driven
chemo-photonic sensor (Al-Aribe et al., 2010) that responds to the presence of specific
phosphate esters by generating chemiluminescence that drives the bR proton pumps
which alter the pH of the surrounding solution. Over the past decade the rapid detection
of phosphate esters using (dppe)Pt{S2C2(2-pyridyl)(CH2CH2OH)} luminophores has
been an active area of research because organophosphates are often used to manufacture
insecticides, herbicides, and chemical warfare agents (van Houten et al 1998). Accurately
detecting the presence of phosphate esters is essential for monitoring pollution, chemical
spills in industrial facilities, and the release of deadly chemical agents in public spaces.

87

Figure 5.13 The change in pH of the target solution is sufficient to cause a
phenolphthalein indicator dye to change colour. The optically driven proton pumps of the
bR-PAA pH gradient generator cause the solution in R1 to transform from a light
greenish blue (pH 5.10) to a darkened, more intense blue (pH 5.31).

Although details are beyond the scope of this thesis, the basic chemophotonic sensor
is self-contained, operates in daylight conditions, and does not require an external power
source or specialized instrumentation for monitoring response.
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5.6 Concluding Remarks
The optically driven pH-gradient generating unit that exploits the photon activated
bacteriorhodopsin (bR) molecular proton pumps in the purple membranes (PM) was
described and characterized in this chapter. A self-assembled monolayer of oriented bR
purple membranes was created on a biofunctionalized Au-coated porous anodic
aluminum substrate surface using a biotin molecular recognition technique. The surface
coverage of the substrate with the self assembled bR monolayer was quantified based on
treating the bR purple membranes monolayer as a parallel plate capacitor and the
photoelectric response of the monolayer. The density of the bR purple membranes
coverage was determined to be 2.33ng/cm2 . The biotin ensured that the extracellular sides
of all PM patches were attached to the porous substrate enabling unidirectional and
efficient transport of ions across the transducer surface.
Furthermore, the average pore diameter (100nm) of the PAA substrate was
adequate to permit hydrogen ions to be effectively pumped across. Once assembled, the
bR-PAA transducer was inserted into a polydimethylsiloxane (PDMS) device for
experimental observation and performance verification. The experiments demonstrated
that the transducer generated pH- gradients as high as 0.42 and absolute voltage
differences as high as 25mV when illuminated by 18mW, 568nm light source. Additional
tests showed that the ∆pH over time was nonlinear with respect to light intensity and
exposure time. The relationship between the solution's ∆pH and transducer's light
exposure was mathematically modeled and enabled the bR-PAA transducer's behavior to
be predicted with reasonable accuracy. The change in pH of the target solution was
sufficient to cause a phenolphthalein indicator dye to change color.
6
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CHAP TER 6
SMART HYDROGEL MICROACTUATOR

6.1 Introduction
Microactuators are critical component of member of microelectromechanical systems that
can exchange energy with its surrounding. Moreover, the actuator receives
nonmechanical energy and provides mechanical form of the energy. The category of
micro-actuators includes piezoelectric, shape memory, magnetostrictive, electro,
magnetorheological, and hydrogel actuators. Among these microactuators the hydrogel
microactuators attracted the attention of microsystems and lab on a chip scientists and
engineers because it provide large mechanical displacements, does not get stuck with
microparticle obstacle as it swells around it. Moreover, it showed high sealing capability
when used in microfluidic systems as microvalves.

6.2 Hydrogel Microactuators
Smart hydrogels are fluid filled polymeric networks that can undergo in dramatic
volume changes when triggered with external stimuli. The triggering stimuli can be a
change in the surrounding temperature, pH, electric filed, specific ion concentration, and
light illumination. These stimuli are able to drive the volume phase transition of the smart
hydrogels based on the chemical composition of the polymeric networks, and the ionic
characteristics of the filling and surrounding solution. This unique ability to generate
large actuation dynamics and specifity of the triggering mechanisms made the smart
hydrogels preferable candidates for the core sensing and actuation transducers in the
microsystem technologies in general (Richter et al., 2008), and lab on a chip applications
(Beebe et al., 2000; Liu et al., 2002).
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Technically the smart hydrogel microactuators are the components that can
process the non-mechanical stimuli such as pH-gradients, or ionic composition as input
energy to drive electro-chemical transformations leading to the generation of mechnical
work associated with volume phase transition o f the hydrogel actuator. Among the
different stimuli, pH-gradients are considered the fundamental input signal to the
hydrogel transducer presented in this project, so that the theoretical and experimental
studies are focused on the pH-sensitive hydrogels in general and in particular on the
acrylic acid based hydrogel as it is the essential component of the introduced microactuator.

6.2.1 Physics and chemistry of the pH sensitive hydrogels
The pH-sensitive hydrogels structures from cross- linked polymer networks filled
with liquid. The polymeric networks consist of neutral monomers plays the role of the
network backbone and co- monomer ionisable pendant groups implanted on the network
backbone (Peppas et al., 2000; Van der Linden et al., 2003). The network backbone can
carry acidic or basic groups or both of them; the last hydrogel is called amphiphilic
hydrogel (Richter et al., 2008).
The acidic and basic groups are ionisable around their pKa in the presence of the
adequate ionic strength of the surrounding solution because the ionisation process is
believed to be energy driven process that is triggered at pKa of the ionisable groups. In
the acidic groups such as the acrylic acid based hydrogel, the ionisation starts at pKa and
proceeds as pH goes in higher values (Figure 6.1), whereas, in the basic groups starts the
ionisation process at pKa and proceeds as pH goes in lower values (Van der Linden et al.,
2003). The ionisation process can also be defined as a charge separation process from the
pendent group. This process consists of release of free hydrogen ions into the solution
and ionising the pendent groups. Once the ionisable groups became charged and released
hydrogen ions to the solution, counterions to the hydrogen ions are attracted to flow into
inside the hydrogel networks to maintain the electroneutrality within hydrogel networks.
The flow of counterions makes the charged networks able to repeal and moving apart
from each other, and lead to the generation of osmotic pressure difference. The increase
in the osmotic pressure, the charge density on the polymeric networks, the ionic strength
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of the ionic solution and the elastic limits of the neutral backbone monomer are all factors
contribute in the swelling process and in the final geometry of the hydrogel.
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Figure 6.1 Volume transitions of acidic and basic hydrogels under pH gradient activation.

One of these factors, which is known by the ionic strength of the ionic solution, and
chemically defined by the molar concentration, has dual-action on the volume transition
process. The ionic strength must be kept high enough to allow the charged polymer
networks maintain their electroneutrality providing salt to substitute the released
hydrogen ions. If the ionic strength was not high enough the charged networks to
maintain their electroneutrality will pickup the released hydrogen ions and return back to
their uncharged phase. So that, it is very critical high to the level that can make the
volume transition stable. On the other hand having the very high io nic strength increase
the free ions density between the charged networks which leads to shielding the charged
groups from being able to have repulsive forces enough to drive the volume swelling. So
that it is highly recommended to study each hydrogel compo sition and select the suitable
value of the ionic strength, because every chemical composition creates specific
characteristics.
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6.2.2 Synthesis techniques of hydrogels
Hydrogels are called chemical hydrogels when they are fabricated by crosslinking the backbone monomers with an external chemical cross- linker based on
chemical reactions (Hoffman 2002), whereas they are called physical hydrogels when
they are fabricated physical treatments without going in chemical reactions or chemical
cross- linkers (Hassan et al., 2000), Figure 6.2.

Monomer
Co-monomer
Cross-linker

Figure 6.2 Schematic drawing showing the hydrogel network structure

The physical hydrogels are synthesized by forming monomers entanglements
without using cross- linking agents. These entanglements are formed by exposing the
hydrogel monomers to repeatable cycles of freeze and thaw treatments. The freezing part
of the first cycle can be 12 hours and the thaw from 2 to 4 hours, then for the other cycles
4 hours freezing and 2 hours thawing (Al-Aribe et al., 2006). The freezing incubation
was conducted at -20ºC and the thaw incubation was at 23ºC. This physical treatment
procedure allowed the pH sensitive monomers to keep their pH sensitivity (Al-Aribe et
al., 2006); however other procedures with differences in the incubation times provided
responsive hydrogels (Hassan et al., 2000).
The following section provides a detailed description of the fabrication procedure
of the hydrogel actuator and microfluidic chip. In Section 6.3 an experimental
investigation of the phase transition dynamics of the acrylic acid based hydrogel is
presented. The results and discussion are presented in Section 6.4, whereas the concluded
remarks are presented in Section 6.5.
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6.3 pH-Sensitive Hydrogel Microvalve
The construction of the

light-driven

microvalve

from ionic

hydrogels and

photoresponsive bR proton pumps and involves several fabrication stages. The first stage
is to create a pH-sensitive hydrogel by using a chemical cross-linker forming an “acidic”
acrylic acid implanted on 2-hydroxyethyl methacrylate forming HEMA-AA hydrogel.
The “acidic” hydrogel is required to undergo in phase transition when pH reaches pKa of
the chargeable pendant groups supply protons (H+) and as the protons are released it will
swell creating displacement and actuation force. The hydrogel microactuator is designed
and fabricated to show its actuation affect in microchannel.

6.3.1 Fabrication of pH-sensitive hydrogel
In this research, the microactuator shell is a chemically cross- linked pH sensitive
hydrogel fabricated by using crosslinker, initiator, accelerator, backbone monomers and
pH-sensitive monomers. The backbone monomer 2-hydroxyethyl methacrylate (HEMA)
is purified by vacuum distillation. The vacuum distillation system is operated at
temperatures less than 80ºC to avoid the pre-polymerization. Acrylic acid (AA), the pHsensitive monomer, is also purified by vacuum distillation. The vacuum distillation
system is operated at temperatures less than 70ºC to avoid the pre-polymerization.
Ethylene glycol dimethacrylate, the cross linker, is directly used without further
purification. The photoinhibitor (Irgacure 651) and the PDMS kit (Sylgard 184) were
used without modification following the manufacturer’s instructions.
The mass of materials used to the ionic gel for this study are: 2-hydroxyethyl
methacrylate (0.5024g), Acrylic acid (0.095g), ethylene glycol dimethacrylate (0.0195g),
and Irgacure 651(0.013g). The pH-sensitive hydrogel materials are mixed carefully, and
poured into the PDMS mold stencil produced by the method described in Section 6.3.2.
The mold has diameter of 150μm and height of 100μm. A complete polymerization was
achieved in 120s using Karl Suss MJB3 Mask Aligner at 12.5mW/cm2 , and a light source
at 365nm.
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6.3.2 Fabrication of the microfluidic chip
The polydimethylsiloxane (PDMS) microfluidic chip that contains the hydrogel valve is
first created using a SU-8 micromold. The key steps involved fabricating the test chip
(Figure 6.3) involve: creating a photomask, spin coating SU-8 photoresist, polyermizing
the SU-8 mold, and stamping the mold with PDMS to cast the final part in PDMS.
Micromolds created from thick photoresists, such as SU-8, enable micro- features with
high resolutions to be produced without the need for wet etching. Chemical etching on
glass substrates is an expensive process that requires the use of environmentally harmful
chemicals such as hydrofluoric acid and nitric acid (Abgrall et al., 2007; Mourzina et al.,
2005).
Photomask

Spin coated SU-8
photoresist

Poly merized
SU-8 mold

PDMS
stamping

Poly merized PDMS
micro flu idic ch ip

Figure 6.3 Steps in micromolding a PDMS microfluidic chip. (This Figure is to similar
5.2)
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For this application, the SU-8 mold for the microfluidic device is created by
initially soaking a glass substrate in 20% HCl for two hours and then rinsing it with deionized water. Once the glass substrate is dried on a 200ºC hot plate for at least 15min it
is coated with a thin film of the negative photoresist SU-8 2050. A film thickness of
100μm is achieved by spinning the coated substrate at 500rpm for 5s and then at
1700rpm for 30s. The formed photoresist film is then baked at 65ºC on a hotplate for
5min, followed by further heating at 95ºC for 30min. The process of baking and cooling
the photoresist must be gradual to avoid creating large temperature gradients across the
film which cause local stresses that influence surface roughness and introduce cracks.
Thermal stresses can also cause the premature separation of the mold from the substrate.
Based on experiments it is recommended that the temperature be ramped up in 2-3ºC/min
increments.
Once completed, the photoresist is exposed to light for 36s. This time exposure is
provided in three doses of 12s each, and 1min rests between doses to avoid overheating.
The photoresist coated substrate is baked again for 5min at 65ºC and 15min at 95ºC. The
photoresist is then developed in a SU-8 developer, rinsed with isopropanol for 10s, and
dried with compressed nitrogen. Finally, the formed micro mold was hard baked on the
hot plate at 200ºC for 20min. This last step in the process anneals the mold and prevents
surface cracks from forming. The polymer replicated part is produced from the SU-8
micromold using a PDMS molding process. To complete this step a Sylgard 184 (Dow
Corning) kit is mixed and de- gassed using a vacuum desiccator. The PDMS mixture is
then poured on the SU-8 mold in a Petri dish, and exposed to a vacuum in order to
remove air bubbles trapped at the interface of SU-8 and PDMS. The polymerization
process is accelerated by applying homogeneous heating in an incubator at 80ºC for 120
minutes. The formed PDMS microchannel, Figure 6.3, is cooled to room temperature,
and soaked in acetone for 30min to reduce the adhesion between SU-8 mold and PDMS
structure. The PDMS is then gently peeled off in acetone. This last step is very important,
especially for designs that have very small features. The PDMS microchannel is treated
with oxygen plasma in STS Reactive Ion Etch System to make the channel surface
hydrophilic. Once this step has been completed the device is placed in de- ionized water.
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6.4 Response of the pH-sensitive Hydrogel Microvalve
The role of the pH-sensitive valve is to control the flow by opening and closing the
microchannel based on ionic changes to the transporting fluid. In this initial study the
swelling characteristics of the 150μm diameter (HEMA-AA) pH-sensitive hydrogel
microvalve were investigated. The valve was inserted in a 200μm wide PDMS
microchannel between two 50μm diameter aligning anchors. The channel was filled with
50mM phosphate buffer at pH 3 and then covered with a glass cover slip. The valve
absorbed part of the surrounding solution until it was stabilized at a diameter of 155μm.
A 50mM phosphate buffer at pH 10 was then provided. The volumetric change to the pHsensitive hydrogel microvalve at pH 3 and pH 10, respectively, was observed (Figures 6.4
and 6.5).

(a) pH=3.0

(b) pH= 10.0

Figure 6.4 pH-sensitive (HEMA-AA) microvalve at pH 3 and pH 10, respectively
(Nanofabrication Facility at the University of Western Ontario).
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Figure 6.5 Swelling of 155µm (HEMA-AA) pH sensitive microvalve.

6.5 Results and Discussion
Basic volume transition monitoring with pH changes tests show that the HEMA-AA gel
with the used molar concentrations can undergo in a dramatic volume transient. The tests
started at pH 3.0, which lower than the phase transition point of the acrylic acid
chargeable groups. The phase transition point is pKa and evaluated to be at pH 4.7. At the
de-sewlling phase, the HEMA-AA had a diameter of 155 µm. Once pH of the solution is
changed by replacing the low pH solution with another solution with pH 10.0 the
hydrogel plug started the volume transition process until it blocked the microchannel in
10 minutes.
The HEMA-AA pH responsive microvalve tests were conducted in a
polydimethylsiloxane (PDMS). The PDMS material is selected because of it is optical
clear which allow providing light beams to the light responsive chip. Moreover its
stretchability makes it very good base for multi component systems.

The test media is

made from 200mM KCl, adjusted at pH 3.0 in the first part of the test and then adjusted
at pH 10.0. The pH adjustments were carried out using concentrated HCl and NaOH.
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6.6 Concluding Remarks
Environmentally sensitive HEMA-AA is used as the microactuator shell because it
experiences a sudden change in volume when the pH of the surrounding solution is raised
above the phase transition point pKa.
The pH change form below the pKa of the acrylic acid chargeable groups to
above it induces the volume phase transition swelling/deswelling in the polymer network.
The fabrication of the PDMS microfluidic chip, and HEMA-AA hydrogel valve, were
described in detail. The HEMA-AA gel microvalve was shown to close a 200μm
microchannel as the pH of the surrounding solution increased from 3 to 10. The change in
volume blocked an initial 45μm opening in the channel neutral state and triggers the
swelling of the gel. One research challenge that needs to be resolved is accurately
inserting the hybrid gel structure in the microchannel without affecting the gel
dimensions. Other issues include controlling the pressure in the channels when the
system is sealed.

7
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CHAP TER 7
LIGHT DRIVEN HYDROGEL MICROACTUATOR

F!

7.1 Introduction
Light sensitive hydrogels are often driven by one of three approaches. The first approach
is to exploit molecules that can undergo volume changes when exposed to specific
wavelengths of light. Ishihara et al (Ishihara et al., 1984) investigated the swelling
properties of 2-Hydroxyethyl methacrylate with azobenzene molecules as the side
groups. The azobenzene molecule is a UV sensitive molecule that can make a 180°
rotation around a carbon double bond. The rotation of the azobenzene group around the
carbon double bond induces structural rearrangement. The maximum volume change that
was observed with this structural rearrangement was 14% in 6 hours at 25°C. An
alternative approach exploits light ionized molecules in a neutral hydrogel network. In
this context, Ishikawa and Kitamura (Ishikawa et al., 1994) used polyacrylamide
microgels that have triphenylmethane leuco cyanide as the light ionisable molecule. UV
light ionizes this molecule inducing repulsive forces that drive the hydrogel to swell. It
was reported that the photo-dissociation of this light sensitive chromophore occurs in less
than 60 seconds. The equilibrium time for an 11μm particle is about 1 hour, while for a
180 μm particle it takes more than 55 hours.
Utilizing the swelling and de-swelling properties of temperature responsive
hydrogels is the third approach. These temperature responsive hydrogels are polymer
networks that have N-isopropylacrylamide as the backbone monomer. This monomer has
a transition temperature of around 32°C.

Suzuki and Tanaka (Suzuki et al., 1990)

utilized heating power of a light beam raise the temperature of the material. The
synthesized hydrogel contained N- isopropylacrylamide as the main constitute and
trisodium salt of copper chlorophyllin as a light sensitive chromophore. Discontinuous
volume transition was observed around 31.5°C. The diameter of the sample shrank from

100
about 240μm to about 100μm in response to a temperature increase from 25°C to 40°C.
Mamada et al (Mamada et al., 1990) investigated the response of a Nisopropylacrylamide gel with the photosensitive molecule bis(4-(dimethylamino)phenyl)
(4-~inylphenyl) methylelucocyanide as a side group. Juodkazis et al (Juodkazis et al.,
2000) studied the effect of laser radiation on the temperature responsive hydrogel N isopropylacrylamide. The experiments confirmed that radiation forces can alter the phase
transition process by shifting back the volume transition temperature in the range of
10°C. Sershen et al (Sershen et al., 2005) incorporated optical absorption particles to
drive the temperature responsive hydrogel poly[N-isopropylacrylamide-co-acrylamide].
The optical absorbing particles that were used are gold-colloid nanocomposites hydrogel
that shrink when illuminated under green light and gold nano-shell hydrogel that shrink
in response to near IR light. Both hydrogel composites have fast responses and can reach
final state in 5s when fabricated in micron scale.
A novel micro-actuator activated by a monolayer photo-electric film that controls
the expansion and shrinkage of a pH sensitive polymer gel is introduced. The activating
photo-electric monolayer properties and the fabrication process have been presented in
Chapter 3, and the photoelectric and photoelectrochemical responses and characterization
have been presented in chapters four, and five respectively. The photo-electric and photoelectro-chemical responses have been considered as the input signal to the absolute
optically driven microactuator. In this chapter the developed bR based monolayer is
integrated with the pH-sensitive hydrogel microactuator presented in chapter six for
constructing the absolute optically driven microactuator. The actuator structure is
designed and fabricated to be operated in a common electro-chemical working zone
between the bR array and the hydrogel actuator to keep all of the system components
working without degrading response of each other. This approach has been studied on the
base of a multi-stage theoretical and experimental tests. These tests include testing the
fabrication of bR architecture, the photo-electric response, photo-electro-chemical
response, and volume transitions processes. The stage-by-stage procedure of studying and
characterizing the actuator performance has enabled desiging the proper pH-sensitive
hydrogel of the actuator.
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The following section introduces the actuator working mechanism and the signal
pathway and transformations.

Section 7.3 shows the fabrication procedure and sets the

working conditions. In Section 7.4, detailed characterization of the responses including
the photo- voltage and photo-current responses and the volume phase transition have been
presented. A case study for exploiting the generated volume changes in controlling the
microchannels opening has been provided in this section. Section 7.5 discusses the
experimental observations including the photo- voltaic, photo-current, and the volume
transition responses. The Section 7.6 presents the concluding remarks.

7.2 Photo-Responsive Hydrogel Microactuator
A light driven micro-actuator activated by an ultra-thin organic photo-electric film that
controls the expansion and shrinkage of a pH sensitive HEMA-AA hydrogel actuator is
described in this chapter. The self-assembled monolayer of oriented bacteriorhodopsin
(bR) purple membrane patches are immobilized on a porous bio- functionalized gold (Au)
coated substrate using a biotin molecular labeling and recognition technique. When
exposed to visible light, each bR molecule in the monolayer acts as a simple proton pump
which transports hydrogen ions from the cytoplasmic to the extracellular side through a
transmembrane ion channel that connects both sides o f the membrane. Figure 7.1
schematically shows the actuator structure.
Light (  )
100m

Glass cover slip
HEMA-AA hydrogel

100m
Biotinylated bR in PMs
Streptavidin

14nm

Mixed thiols
Au coated substrate
Thin titanium layer

20nm
100m

PAA (porous anodic alumina) substrate
KCL ionic solution
PDMS
(Not drawn to scale)

solid

substrate

Figure 7.1 Schematic drawing of the bR activated hydrogel structure.
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The flow of ions by the photon activated bR pumps through the membrane
changes the pH value of the ionic solution that surrounds the gel microactuator. The
active groups of the polymeric network remain uncharged until pH reaches the pKa
where each chargeable group on the hydrogel release proton into the surrounding solution
and becomes charged. Charging the active groups are considered as the triggering signal
for generating the osmotic pressure of the volume changes of the hydrogel; more details
are provided in sub-Section 6.1. Figure 7.2 shows a simplified drwing of the ions flow
through the hydrogel.
Ionic species
diffusing out

Ionic species

Fixed charges

diffusing in

Poly mer chains

Mobile ions

Osmotic

pressure

pushing outward

Figure 7.2 Schematic drawing of the ions flow through the activated hydrogel.

7.3 Fabrication of bR Activated Hydrogel Microactuator
The construction of the light-driven micro-actuator from ionic hydrogels and photoresponsive bR proton pumps involves several fabrication stages. The first stage is to
create a pH-sensitive hydrogel by using a chemical cross- linker procedure forming an
“acidic” HEMA-AA hydrogel. The “acidic” hydrogel senses the decrease in hydrogen
ions concentration and undergo in an electric phase transition at its pKa. This phase
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transition triggers the volume transition process. The volume transition is the actuation
displacement provider.
The second stage is to immobilize a thin layer of properly oriented bR purple
membrane patches on a relatively “stiff” porous substrate. Consistent orientation of the
PM patches on the electrode surface is necessary for efficient photon to ion flow and
charge separation. If the PM patches adsorbed on the same electrode are a mixture of
cytoplasmic and extracellular sides the photoelectric response will be significantly
weakened. For the micro-actuator to function properly, it is also necessary that the
protons be able to move unimpeded from the KCL ionic solution to HEMA-AA hydrogel.
To achieve this, the thin bR layer must be constructed on a porous substrate that doesn’t
deflect under hydrostatic pressure but does permit significant ion diffusion. Details about
the fabrication of the pH-sensitive hydrogel and bR proton pump layer are provided
below.

7.3.1 Fabrication of the HEMA-AA hydrogel
The micro-actuator shell is a chemically cross-linked pH sensitive hydrogel fabricated by
using cross- linker, initiator, accelerator, backbone monomers and pH-sensitive
monomers. Concentrations of the hydrogel components determine its swelling/deswelling characteristics. The backbone monomer 2-hydroxyethyl methacrylate (HEMA)
is purified by vacuum distillation. The vacuum distillation system is operated at
temperatures less than 80ºC to avoid the pre-polymerization. Acrylic acid (AA), the pHsensitive monomer, is also purified by vacuum distillation at temperature less than 70ºC
prior to use. Ethylene glycol dimethacrylate, the cross linker, is directly used without
further purification. The photoinhibitor (Irgacure 651) and the PDMS kit (Sylgard 184)
were used without modification following the manufacturer’s instructions. The mass of
materials used to the ionic gel for this study are: 2-hydroxyethyl methacrylate (0.5024g),
Acrylic acid (0.095g), ethylene glycol dimethacrylate (0.0195g), and Irgacure 651
(0.013g). The pH-sensitive hydrogel materials are mixed carefully, and poured into the
PDMS mold stencil produced by the method described in Section 5.3.2 The mold has
diameter of 75m and height of 100m. A complete polymerization was achieved in
120s using Karl Suss MJB3 Mask Aligner at 12.5mW/ cm2 , and a light source at 365nm.
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7.3.2 Fabrication of the bR functionalized porous substrate
The swelling and deswelling of the hydrogel is the result of protons being transported
through a structurally “stiff” porous substrate. A relatively thick substrate is needed to
prevent unwanted deflection under the hydrogel pressure. Unfortunately, the thickness of
the porous substrate will also effect the time it takes the ions to diffuse out of the gel.
The longer the diffusion time the slower the micro-actuation response. The response time
is also effected by the porosity and size of individual pores. Porosity affects the rate of
diffusion into and out-of the hydrogel structure. Although large pores are preferred, the
diameter must be small enough not to allow the gel to protrude, or ooze, into the ionic
solution. Based on percent porosity (20%) and average pore diameter (100 nm), a 100
µm thick porous anodic alumina substrate was selected for this application.
The fabrication of the bR monolayer begins by coating a porous anodic alumina
(PAA) substrate with a thin 3nm layer of titanium and gold (Au) to a thickness of 17nm.
The titanium provides a permanent adhesive link between PAA substrate and the Au
layer. Gold (Au) surfaces are characterized with their high affinity for thiol adsorption
thereby enabling permanent bonds to be formed between the HS terminal of the thiols
and the Au surface. A functionalized Au-coated porous substrate is shown in Figure 7.3,
the deposition of the titanium and gold layers was performed with using electron-beam
evaporation system at the University of Western Ontario’s Nanofabrication facility. In
this work the anodic alumina substrate was first coated with titanium layer that ranged
from 3nm at rate of 0.1nm/s, then coated with Gold layer of 17nm at rate of 0.3nm/s.
An important factor in building a bio- functionalized Au coated substrate is the
surface characteristics of the gold layer. The deposition me thod described above can
produce Au-coated surfaces as smooth as 0-4 nm maximum surface roughness. Once the
Au nanolayer has been deposited on the porous substrate, the substrate is biofunctionalized with a monolayer of biotinylated thiols. These thiols work as the building
block for adsorbing the biotinylated bR by mediating the sterptavidin proteins. An atomic
force microscope (AFM) is used to characterize the bio-functionalized layer, Figure 7.4.
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Figure 7.3 SEM photograph of the Au-coated PAA substrate.

Figure 7.4

AFM photograph of bio- functionalized Au-coated substrate

showing surface topology.
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The next step is to use the biotin labeling technique to orient the bR purple
membranes (PMs) in the same direction. This is necessary to immobilize the PM on the
porous substrate and ensure the efficiency of the proton pumps. Biotin labeling is highly
effective and produces a very thin PM layer of less than 13nm. Biotin labeling of the bR
purple membranes is simply recognizing the extracellular side a nd making a permanent
bond between Lysine-129 and Biotin-XX. The Biotin-XX is often called biotin ester. For
this research, the Biotin- XX, SSE was acquired from Invitrogen (www.invitrogen.com).
The biotinylated and hydroxyl-terminated thiols were purchased form nanoScience
Instruments (www.nanoscience.com). Streptavidin was obtained from Sigma-Aldrich.
The biotin labeling and bonding procedure used to self-assemble the bR on the Au
substrate was based on the method described by Henderson et al., (Henderson et al.,
1978) and involves adding 100l of 20mg/ml biotin ester in dimethyl formamide to 2ml
of 1.9mg/ml PMs suspended in 0.1M sodium bicarbonate at pH 8.5. An orbit shaker was
used to mix the solution for 2 hours at 20ºC. The mixture was then centrifuged and resuspended in 0.1M sodium bicarbonate at pH 8.5. This step was repeated three times and
then left for approximately 12 hours to remove weakly coupled biotin to the hydroxyl
groups of the PMs. The resulted biotin-protein suspension was dialyzed against two
changes of phosphate buffer saline (PBS) at pH 7.4. The resultant biotinylated bR
proteins were then suspended in PBS at a pH of 7.4.
The Au coated substrate was incubated in 45 mM mixture of biotin terminated thiol
and the hydroxyl terminated thiol dissolved in ethanol for 14 days at room temperature.
The mass ratio between the biotin-thiol, and hydroxyl-thiol was 1:4. The final step
involved washing the prepared substrate with ethanol, milliQ water, and phosphate buffer
saline (PBS) at pH 7.4.

7.4 Microactuator Response
The final response of the bR activated hydrogel micro-actuator is the resultant response
of the interaction between the photo-electro-chemical potential of the pH- gradient that is
generated by bR with the pH sensitive hydrogel. The pH-sensitive hydrogel receive and
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process the pH-gradient as an input signal for triggering chargeable groups of polymeric
network. Once the polymeric network becomes charged, it builds an osmotic pressure.
The osmotic pressure is considered as the driving force of the swelling process of the pHsensitive hydrogel. These transformations of the powering signal from optical to electrochemical to the mechnical form of the power as an actuator output are considered in
characterizing the actuator response. The first part of the response has been studied based
on the photo-electric response whereas the second part is studied based on the volume
changes as these changes are considered to be the output response of the microactuator.

7.4.1 Photoelectrochemical characteristics of the microactuator
Once assembled on the Au coated PAA substrate the photoelectrochemical response
characteristics of the self- assembled bR monolayer were measured under fixed light
wavelength and intensity. For these measurements the cell was created by filling the
PDMS reservoirs with 200mM KCl thin bR film between its Au-PAA substrate and a
platinum wire was connected to each side of the reservoir. The platinum wire was used
based on its electro-chemical stability. An 18mW, 568nm light source was used in the
experiments because the peak photo-excitation of bacteriorhodopsin occurs at this
wavelength. The voltage differences were measured using an Agilent 34420A Nanovolt/micro-Ohm meter. No additional signal processing or amplification was performed
in an effort minimize distortions to the experimental readings.
The bR photo-electro-chemical cell is exposed to a continuous light beams. The
light source is an 18-mW 568- nm Melles Griot Argon Ion laser with a mechanical
shutter. Under dark conditions with no external illumination, the bR thin film exhibits no
measurable response. When light first strike the photo-electric part of the device, there is
a relatively fast photo- voltage of 2 mV has been generated, then continuous growth of the
photo- voltage towards an accumulated voltage difference of 4mV (Figure 7.5).
The photo-cell is then tested under different conditions where it is connected to an
external resistance of 1.0 kΩ to record the voltage and the current at these conditions.
Connecting the cell to an external resistance enables calculating the internal resistance
and the current of the circuit. The recorded measurements of the photo-voltage in the
presence of the external resistance showed smaller values and less voltage difference
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build-up compared with the cell’s response without including the external resistance. This
response is expected, because including the external resistance increases the overall
resistance and therefore reduces the allowed current to flow in the cell. Once the photovoltage is calculated, it is included in the basic voltage difference, resistance to current
equation to calculate the real photo-current. The photo-current is usually calculated from
the measured photo-voltage (Ahmadi et al., 2011). Some of the measuring multi- meters
have already this option so that the resistance can be selected internally, whereas the
other multi- meters necessitate including a defined external resistance to measure the
photo-current. The recorded photocurrent shows a consistent build-up when the cell is
exposed to light beams, Figure 7.6. This response reflects the optical activity of the bR
proton pumps. The generated photocurrent is characterized with its negative sign which
arises from the nature of the current as it is a current of positive charges (Dolfi et al.,
2002; Liu et al., 1988).
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Figure 7.5 Measured voltage difference across the bR layer on a 0.096 cm2 substrate
under continuous light exposure.
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Figure 7.6 Recorded photocurrent based on the measured voltage difference across the
bR layer on a 0.096 cm2 substrate under continuous light exposure.

7.4.2 Swelling characteristics of the microactuator
The functional performance of the presented bR driven HEMA-AA hydrogel structure
was evaluated by observing the geometrical changes under light exposure. An 18 mW
and 568 nm light source was used to perform the experiments. A PDMS microfluidic
chip, and cylindrical hydrogel were integrated with the bR coated substrate. The hydrogel
diameter of 70 µm and length of 100 µm, whereas the microfluidic chip has the same
dimensions of that are used in Section 5.3.4. The experiments were performed in two
configurations. In the first configuration the bR coated substrate is inserted parallel to the
top surface of the chip, whereas in the second configuration it was inserted perpendicular
to the top surface.

Figure 7.7 describes both of the configurations. Having two

configurations allows making more than one experiment. The configuration (a) allows
having direct contact between the hydrogel and the bR coated substrate, which might
reduce the time required for the ions migration to the microchannel.
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bR coated porous substrate

3500µm

(a) Configuration with bR substrate parallel to microchannel
bR coated

porous

substrate
Microchannel width 150µm
and depth 100µm

Maximu m depth of
1750µm at center

(b) Configuration with bR substrate perpendicular to the channel
Figure 7.7 Schematic drawing of the test chip in two configurations (a), and (b)
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The swelling characteristics of the hydrogel actuator are investigated in first
configuration (a), and the hydrogel actuator was placed in contact with the bR coated
substrate. In this experiment the hydrogel was allowed to swell without structural
constrains. The chip was filled with an ionic solution of KCl with an ionic strength of
200mM and at pH of 4.5. The pKa of the acrylic acid based hydrogel is 4.7. The chip is
covered with 100µm thick microscope cover slip to seal it against the natural
evaporation. Figure 7.8 shows a photograph of the test setup.

Microscope
objective lens

Light

beams

source
bR coated

porous

substrate
PDMS microflu idic
chip

Figure 7.8 Photograph of the test setup.

Once the actuator was assembled, the light beam was provided to the bR coated
substrate with an optical fiber. Within the first five minutes a change in the hydrogel
dimensions was observed. These changes were noticed in the diameter and length of the
hydrogel. These changes showed the volume dynamics based on these measurements.
The actuator showed increase of 23% in its diameter and 22% in its length, and the
volume swelling of more than 80% of its original volume in less than 85 minutes. Figure
7.10 shows a photograph of the micro-actuator before and after the swelling, the Figures
7.11, 7.12, and 7.13 provide the numerical measurements of the swelling process. The
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recorded swelling characteristics show that the volume changes process is a nonlinear
process.

Axial Displacement

Phase transition
Radial
Displacement

Deswelled hydrogel

Swelled hydrogel

Figure 7.9 Schematic drawing of the (a) deswelled hydrogel, and (b) swelled hydrogel
valve.
Axial Displacement

Figure 7.10 Photograph of the (a) deswelled hydrogel and (b) swelled hydrogel valve.
The photographs are taken in the same scale.
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Figure 7.11 Change in diameter of the HEMA-AA hydrogel actuator over time.
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Figure 7.12 Change in length of the HEMA-AA hydrogel actuator over time.
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Figure 7.13 Change in volume of the HEMA-AA hydrogel actuator.
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7.4.3 Response reversibility of the hydrogel microactuator
The HEMA-AA hydrogel actuator is tested for the swelling reversibility in a reversible
pH gradient generating microfluidic chip, where the bR coated chips were inserted in
opposite directions to generate the increase and decrease in the pH by switching the light
beam from one the other bR coated chip. The hydrogel actuator was inserted in the
connecting channel between the reservoirs. The hydrogel actuator inserted in the
microchannel; the chip was filled with the KCl ionic solution with an ionic strength of
200mM and pH of 4.5. Figure 7.14 shows a photograph of the actuator in the
microchannel.

Posts
Microchannel

HEMA-AA
Hydrogel

Figure 7.14 Photograph of the actuator in the microfluidic channel.

A light source was provided to the bR coated chip with a flexible optical fiber.
The optical fiber enabled the light beam to be directed with an angle that was close to
perpendicular to the bR coated surface. The closer orientation is to the perpendicular
angle, the higher the amount of optical energy provided to bR proton pumps as the bR
retinal located in the trans- membrane channel that require receiving the light beams in the
channel to initiate the photocycle. Once the bR coated chip illuminated with light beam
of 9 mW at 568 nm, changes in the diameter and therefore the cross-sectional area were
observed. The area was increased by 30% in approximately ten minutes. At that point the
light beam switched to the opposite bR coated chip to induce a decrease in the pH. The
hydogel actuator continued swelling for less than one minute and then remained without
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measurable volume changes for approximately one minute, and then it started the
shrinkage process until it reached its original volume in approximately twelve minutes.
Figures 7.15 and 7.16 show the swelling-deswelling process. The actuator showed a
hysteretic swelling, where the deswelling process took not exactly the same path of the
swelling process. This behavior is expected because the driven force of the swelling
process is the repulsive forces between the charged polymer network monomers and the
associated osmotic pressure, whereas the deswelling process is driven by the fluidic flow
out of the hydrogel due to neutralizing the polymeric network.
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Figure 7.15 Change in microactuator cross-sectional area.
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Figure 7.16 The reversibility of the microactuator response in the microfluidic channel.

7.4.4 Microfluidic valve activated by bR based pH-gradient generator
The swelling and shrinking of the smart hydrogels under environmental stimuli has been
used to regulate the flow of liquids in a variety of microfluidic systems by introducing
them as active microfluidic valves (Liu et al., 2002; Baldi et al., 2003). The hydrogel
based microfluidic valves provide relatively large displacements and can seal complex
geometries. However, most of the published work focused on using the temperature
sensitive hydrogels and the pH sensitive hydrogels as microfluidic valves (Richter et al.,
2003; Liu et al., 2002; Baldi et al., 2003). In the temperature sensitive hydrogel microvalves, the microfluidic chip must be kept at specific temperature to make the microvalve functioning and the temperature of the surrounding fluid is controlled by electric
resistance connected to the chip and operated wirely.
On the other hand, the pH sensitive hydrogel micro-valves are driven by replacing
the working ionic solution by another solution each actuating or switching time. However
the fluid replacement necessitates accessing the chip physically, which is not considered
as the best option from the micro-contamination point of view, whereas, the presented
hydrogel micro-actuator can be driven remotely with the light beams with the same
solution. Moreover the presented hydrogel microactuator can be operated at a wide range
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of temperatures. Figure 7.17 shows a photograph of the micro-valve in the microfluidic
channel in the open and close positions.

HEMA-AA
Hydrogel

Open Channel

Microchannel

(a)

Closed channel
Open Channel
(b)
Figure 7.17 Photographs of the actuator in the microfluidic channel in configuration (b)
in the (a) deswelled phase and (b) swelled phase.
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The micro- valve hydrogel was inserted in a microchannel at complex geometry
location, and then the light beam was provided to the bR coated substrate with an optical
fiber. After the first five minutes a change in the hydrogel dimensions started to be
observed, and the microchannel opening of 8µm started becoming smaller to be around 7
µm and continued the swelling process until it blocked the channel in 40 minutes. Figure
7.18 shows the swelling characteristics of the micro-valve.
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Figure 7.18 Change in microchannel opening.

7.5 Concluding Remarks
The design and fabrication of a microvalve activated by a bR monolayer that controls the
expansion and contraction of a pH sensitive polymer gel was described. Environmentally
sensitive HEMA-AA is used as the micro-actuator shell because it exhibits large change
in volume when the pH of the surrounding solution is raised above the phase transition
point pKa. An ultrathin organic film constructed from light sensitive bR protein in purple
membranes was then integrated with the gel to externally control the volumetric changes
of the shell. When exposed to visible light beam, the bR purple membranes act as a
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proton pump that transports H+ ions from the acidic gel to the surrounding KCL ionic
solution. The movement of ions creates a pH gradient that induces swelling/deswelling in
the polymer network. The fabrication process of the of the HEMA-AA hydrogel valve is
described, on the other hand the fabrication process of the bR based monolayer is already
described in Section 3.4, and the fabrication process of the PDMS microfluidic chip is
already described in Section 6.3.2. The assembly technique and the used ionic solution
are described.
Experimental investigations were performed in two stages. In the first stage, the
generated photo-voltage and photo-current by the bR monolayer were investigated as
they are the input signal to the hydrogel. On the other hand the swelling characteristics
were extensively studied, including the volume swelling, swelling reversibility, and a
case study on applying the presented actuator to work as a microfluidic valve. The
actuator showed a swelling of around 80%. It also showed a reversible response with
hysteresis. From the applicability point of view, the was used as a micro- valve in
microfluidic chips, the actuator showed capability to swell in the micro-channel until it
blocked an opening of 8.0µm in micro-channel and good sealing characteristics as it was
able to seal complex geometry. In general, the dynamic response of the presented
optically activated hydrogel microactuator is characterized with its relatively slow
behavior which may be useful for time-sensitive drug delivery systems and other
applications that require slow actuators for reducing the inertia effect on the system
response.
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8.1 Thesis Summary
This thesis presented a novel optically driven microactuator by integrating monolayer of
self-assembled

bacteriorhodopsin

proton

pumps

with

pH-sensitive

hydrogel.

Bacteriorhodopsin is a robust biologically synthesized proton pump that reserves its
pumping functionality and its photo-chromic characteristics when properly immobilized
into an artificial system. On the other hand, the field of hydrogel based microactuation is
a fast expanding branch of technology particularly in the microfluidics. Theoretically, the
bacteriorhodopsin and one class of the hydrogels have a common electro-chemical
working zone where each one of them can function within it. This zone is determined by
ionic strength and pH of the working solution. In order to function properly, each bR
proton pump requires a certain concentration of the free hydrogen ions in the ionic
solution. The concentration of the hydrogen ions in the ionic solutions can be measured
by the pH of the solution. On the other hand the pH-sensitive hydrogel undergoes in a
phase transition when the molar concentration of the free hydrogen ions within it reaches
the pKa degree of the chargeable groups of the hydrogel. The research presented in this
thesis describes artificial microsystem based on the molecular level labelling, organizing,
and adsorption. The work is then extended to design the pH-sensitive hydrogels to
function at specific pH zone. Finally, the basic concepts are used to create a microfluidic
valve that can function in specific ionic environment. This process has produced a new
class of optically driven microactuators that respond to the optical signal wavelength.
The characteristics and features of bR proton pumps are described in Chapter 2.
The crystalline structure of bR provides high degree of chemical and thermal stability,
and allows it to function in different conditions from the native biological environment.
The bacteriorhodopsin protein has the potential to be used in wide range of applications,
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as it exhibits remarkably high photo-electric and photo-chromic properties. The photoelectric response of bR is able to be detected the optical signals without using signal
amplification circuitry when it is properly immobilized in the device. To exploit t he
photo-electric and photo-chromic properties and capabilities of bR, it must be grown
properly in the bacterial living cells, then carefully isolated, and then properly
immobilized in the system. In Chapter 3, the production of bR in the laboratory was
described. The used growth protocols, isolation and purification of bR in purple
membranes were able to generate approximately 500 mg from 10 litters process. Full
details are provided in Chapter 3.
This chapter also discussed the immobilization techniques, and introduced a
unique method of fabricating bR monolayer structure based on molecular labelling,
recognition, and self-assembly technique. The method of constructing self-assembled bR
monolayer on a solid substrate is described.
Employing the self-assembled bR monolayer in photonic applications requires an
extensive characterization. Chapter 4 described in details the fabrication method for
generating bR based monolayer. The monolayer characteristics, features and responses
were extensively analysed. Atomic force microscopy analysis and scanning electron
microscopy were applied to characterize the monolayer distribution and topology. The
recorded measurements demonstrated the fabrication of bR based monolayer with the
total architecture thickness of 12.33 nm. These features are essential requirements in
fabricating nano-scale devices. The photo-electric response of the dry bR monolayer was
investigated in this chapter, whereas the aqueous phase is studied in Chapter 5. In the dry
bR monolayer each bR molecule releases only one charge so that this investigation
provides the real photo-electric behaviour needed for optical system design. The
experimental investigation demonstrated that the generated photo- voltage was as high as
0.54mV/(mW·cm2 ), when the cell exposed to 18mW light beam at 568 nm. This photoelectric response was recorded without using signal amplification or processing.
Chapter 5 presented a novel methodology to generate pH-gradients using a
monolayer bR protein. This concept was demo nstrated by fabricating a transducer that
generates pH gradients when it receives light beams in the visible band. The bR chip is
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the critical part of the system that is able to regulate the concentration of the hydrogen
free ions in different locations of the ionic solution on the chip. This technical challenge
is overcome by building the bR monolayer structure on a porous substrate. The pore size
and distribution of the substrate was selected to be covered by the purple membranes and
to allow the pumped hydrogen ions to pass through the substrate. The substrate was biofunctionalized by the biotinylated thiols monolayer and then coated with the selfassembled bR monolayer. A polydimethylsiloxane (PDMS) based microfluidic chip was
fabricated to contain the bR coated chip and the ionic solution. The pH gradient generator
was tested and it showed a gradient generation as high as 0.42. The initial experiments
demonstrated that the transducer generated pH gradients as high as 0.42 and absolute
voltage differences as high as 25 mV when illuminated by 18 mW, 568 nm light source.
In addition to the experimental characterization, the pH gradient generator was
mathematically characterized by developing a mathematical model based on the bR
activity, structure, ionic properties of the chip, and the input light characteristics. The
numerical results showed agreement with the experimental work.
Chapter 6 described the theoretical background and the working mechanism of
the pH-sensitive hydrogels.

The fabrication technique

of the 2-hydroxyethyl

methacrylate-Acrylic acid (HEMA-AA) pH-sensitive hydrogel is described. The HEMAAA was fabricated to be functioning at specific pH so that it can be integrated with the
pH-gradient generator. The pH sensitive hydrogel was characterized.
In Chapter 7, the pH gradient generator was integrated with the HEMA-AA
hydrogel in order to make a novel optically driven micro-actuator. The HEMA-AA was
fabricated in two different molds. The first one was made in a cylindrical form to
quantify the swelling dynamics, and the other one is made in tapered form to characterize
the swelling performance in micro channels and the capability of taking the shape of the
channels when it swells. The cylindrical hydrogel actuator exhibited a swelling up to 80%
of its original volume, and the micro valve showed the capability to close 8 µm opening
in micro-channel and good sealing capability as it took the shape of the shape of the
micro-channels when it was in the swollen phase. The reversibility of the swelling
dynamics was also characterized by testing a cylindrical hydrogel actuator. The actuator
response showed hysteretic reversible swelling.
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8.2 Thesis Contribution
The major contribution of this dissertation is developing, characterizing and modeling the
photo-electro-chemical properties of the bR based pH- gradient generator and integrating
the developed generator for making novel optically driven micro-actuator. However the
design, fabrication, and testing the developed system components have included number
of technical developments including the making successful technique for growing the
Halobacterium salinarum in the laboratory, and making the suitable ionic solution for the
pH gradient generator and the hydrogel.
The Halobacterium salinarum was grown in the laboratory; the bR was extracted
and purified; the pH gradient generator was fabricated and tested. The model was
formulated and validated with the experimental work; and the optically driven microactuator was fabricated. The major contributions of this thesis are classified and
presented in the following subsections.

8.2.1 Production of bacteriorhodopsin
The thesis presented a methodology for producing the bacteriorhodopsin in the
laboratories. The principle factor that was taken as a target point in making the growth
media and setting the environmental conditions is to control in aeration of the media so
that the oxygen level becomes very low. Reducing the oxygen supply to the living cells
which is considered as a source of energy affects their life activities. Once the growth
conditions are set, light beams are provided with light source in the visible band. The
presence of the light source motivates the bacterial cells to synthesis the bR protein for
utilizing the light beams so that, they compensate the lack in the oxygen level. On the
other hand the growth media are prepared with high level of nutrition so that the cells
grow and their mass increase. When the cell grows it needs more oxygen for the living
activities so that they make more bR when they receive light beams. Summary of the
growth media protocols and compositions in details are provided in Chapter 3.
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8.2.2 The development of bR self-assembled monolayer
The bR protein is a directional acting proton pump found in the purple membranes of
Halobacterium salinarum living cells. Each purple membrane consists of bR protein and
lipid arranged in two dimensional hexagonal crystalline arrays. The molar ratio of the
lipid to bR is 10:1. This structure enabled to work in artificial system and even in harsh
chemical and thermal environments. However from the perspective of MEMS and
microfluidic system design, all of these light-responsive devices require the bR to be
properly immobilized on the surface of an electrode in order for the PM to act as a
directional proton pump because the resultant response arising from two bR purple
membranes with opposite orientation is zero. Consistent orientation of the PM patches on
the surface is, therefore, necessary for efficient photon to ion flow and charge separat ion.
To properly exploit the bR functionality in an engineered system, it is necessary,
therefore, to control how the bR proton pumps are adsorbed onto the substrate.
Orientation specificity can be achieved by using either the antigen–antibody
immobilization method, the genetically engineered bR protein, or the biotin labeling
technique. Although the antigen–antibody technique is very lengthy because it is
necessary to synthesize antigens, monoclonal antibodies, and bi-antibodies and using
genetically modified bR protein might not be very convenient to designers without
knowing the detailed characteristics of the generated product. In contrast, the use of
biotinylation technique to adsorb bR monolayer on Au surface, which is introduced in
this research, target only one reactive residue that is located at the extracellular side of
bR, and it can be accessed at a specific pH, making biotin labeling a highly repeatable
and reproducible process at the molecular level.
The fabrication process for building the self-assembled monolayer of bR can be
divided into three major steps including: biotin labeling of the extracellular side of the bR
protein, bio- functionalizing the substrate with biotinylated thiols, and assembling the
biotinylated thiols with the functionalized substrate using the streptavidin protein. All
these steps are performed separately and in well set time frame as the processes are time
and environment sensitive.
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Even though the biotin labeling of bR was reported in Henderson et al.,
(Henderson et al., 1978), and the monolayer adsorption was reported in Chen et al.,
(Chen et al., 2003). The structure that was made on the black lipid which is not stable to
be integrated in MEMS and microfluidic systems because the lipid was not permanently
linked to the solid substrate. Whereas, the contribution of presented technique is linking
the bR to the solid substrate permanently with the following architecture: bR-BiotinSterptavidin-Biotin- Thiol- Au. This structure enabled having permanent, ultra thin bR
based monolayer of thickness of 12.33 nm, with all bR protein directed to pump the
hydrogen ions in the same direction.

8.2.3 Fabrication of the optically driven pH-gradient generator
The pH gradient generators became an essential component of several technological
processes such as mass transport control for filtration, microdialysis, extraction, and gas–
liquid exchange in micro-systems. The so far reported pH gradient generators focus on
using electric power in different configurations to induce ions gradie nt, and thereby it
leads to generating the pH gradients.
This thesis presented a low-power optically driven pH gradient generator based
on the self-assembled bR monolayer. The presented generator provided an alternative
noninvasive mechanism for modifying the target solution’s pH without inducing strong
electric fields near the solution or exposing the solution to high- intensity illumination and
heat. The microscale planar transducer converts an optical signal into a flow of hydrogen
ions from a reservoir to a target solution. The pH gradient generator exploits the
molecular proton pumps found in the purple membranes (PM) of wild-type bR. The
transducer structure is an ultrathin layer of oriented PM patches self-assembled on an Aucoated porous anodic alumina (PAA) substrate. A biotin labeling and streptavidin
molecular recognition technique is used to attach uniformly oriented PM patches to the
porous substrate and ensure the efficient transport of ions across the transducer surface.
The photo- induced proton pumps embedded in the bio- functionalized porous substrate
produce a flow of ions that generate a measurable ∆pH proportional to the active surface
area and light intensity.
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The performance of the introduced pH gradient generator is mathematically
formulated and studied by developing a mathematical model of the relationship between
the illumination characteristics and target solution’s ∆pH. The mathematical model was
formulated based on the purple membrane structure, bR activity, and the working ionic
solution. Furthermore, an experimental work is presented to demonstrate how the photon
responsive transducer generates a sufficient ∆pH to cause a phenolphthalein indicator dye
to change color.

8.2.4 Fabrication of the optically driven microactuator
Light-driven

microactuators

have advantages

over conventional

micro-electro-

mechanical (MEMS) designs because they are activated by streams of photons instead of
applied electrical currents and voltages. The light driven systems are free from the
negative effects of current losses, electrical resistive heat dissipatio n, and friction forces
of the mechanical systems that can greatly diminish the performance and efficiency of
conventional MEMS devices.
This thesis presented a novel microactuator activated by a thin photo-electric
layer that controls the expansion and shrinkage of a pH sensitive polymer hydrogel. An
environmentally sensitive ionic hydrogel is used as the actuator shell because this
networked polymer undergoes abrupt volumetric changes when the pH of the
surrounding medium increases slightly above the phase transition point pKa. Then an
osmotic pressure builds-up due to the association, dissociation and binding of the various
ions to the chains will cause the hydrogel material to swell and deswell producing a
usable mechanical actuation work.
The actuator is formed by integrating two transducers the bR based pH gradient
generator with the pH-sensitive hydrogel in suitable ionic conditions. The first transducer
which is introduced in this thesis receives the light beams, and then processes them in the
bR proton pumps and generating pH gradient. The resulted pH gradient from the first
transducer is received by the pH-sensitive hydrogel containing

hydroxyethyl

methacrylate- acrylic acid (HEMA-AA) and processed by chargeable polymer networks
to build osmotic pressure and then volume changes. These volume changes are used as
actuation displacements. Successful fabrication technique and prototype design are
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demonstrated. The actuator was also introduced as micro- fluidic valve. The experimental
testing showed a successful actuation for closing a micro-fluidic channel.

8.3 Limitations and Recommendations for Future Work
The current work has produced novel micro-actuation based on three new major steps:
structuring permanent bR based photo-electric monolayer on solid substrate; integrating
the developed bR based monolayer with a porous substrate, micro- fluidic chip and ionic
solution for generating the optical driven pH gradient generator; and integrating the
developed pH gradient generator with suitable pH sensitive hydrogel for constructing the
optical driven micro-actuator. However there are number of limitations are noticed and
proposed fields of research are recommended.

8.3.1 Purple membranes distribution on the substrate
The bR based photo-electric monolayer was able to generate photo- voltaic
response without using amplification circuitry. The response was as high as
0.54mV/(mW·cm2 ). However when the system was studied under the scanning electron
microscopy (SEM), it was noticed that the surface coverage was not an ideal coverage, as
there were gaps between the purple membranes. In our understanding filling these gaps
with bR might raise the photo-electric response to higher values. Overcoming this
challenge will be only achieved by knowing the real reason for this sporadic distribution.
From the nature of the bR in its purple membrane it is highly suggested that, the electrostatic nature is the key factor in studying this phenomenon. From the biophysics of bR,
each bR proton pump like other proteins carries net electric charge which can be
influenced by pH of the surrounding solution. So that it is recommended to study how to
control the protein’s net charge without affecting the adsorption characteristics.

8.3.2 Optimizing the generated pH-gradient
The presented pH gradient generating transducer was able to generate pH gradient when
triggered with optical signal. The transducer output was high enough to change color of
dye, and drive pH sensitive hydrogel for micro-actuation. However from the engineering
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point of view, optimizing the design parameters and the operation conditions enhance the
device output. So that it is recommended to optimize the constituting components of the
device including: including the substrate pore size, area of the substrate, micro- fluidic
chip reservoirs and channels dimensions, and the ionic solution strength.

8.3.3 Swelling dynamics of the microactuator hydrogel
The presented optically driven micro-actuator exhibited large volume increase of 80%,
capability to close micro-channels when used as a micro-fluidic valve. However the time
frame of the actuator is relatively slow, where the 80% swelling was a result of the
volume phase transition in approximately 83 minutes. Based on the published literature, it
is well known that as the size of the hydrogel becomes larger the swelling dynamics
becomes much slower. So that it was highly recommended to replace the larger hydrogel
actuator by an array of smaller hydrogel actuators. Moreover, Richter et al.,
recommended grinding the hydrogel into very fine particles and enclose them by a
membrane to act faster (Richter et al., 2003). The hydroegl dimensions can be sized to
the targeted swelling dynamics.

8.4 Final Thought
The presented results demonstrated the promise of using light in activating hydrogel
microactuators and applying it in microfluidic valves. However improving the swelling
dynamics is recommended through optimizing the design and operation parameters.
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